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Abstract
Vacuum arc thrusters (VATs) hold great promise as an attractive pulsed plasma micro-
propulsion technology for satellites. To reach their full potential as practical devices,
substantial efforts must be made to explore and better understand the intricacies of VAT
design and operation. This body of work contributes to this effort by studying a number
of new thruster designs, operational modes and cathode fuels that may lead to perfor-
mance improvement of the VAT. These include (1) the use of millisecond-long arc pulses
lengths as a new form of thruster operation, (2) the use of conical cathode shapes, (3)
the novel use of carbon and graphite-basedmaterials as cathodematerials, and (4) novel
heat management using the discrete anode switching technique. Detailed and extensive
experimental measurements of thrust, cathode erosion rate, ion current and plasma jet
ICDD profiles were undertaken in order to characterise the behaviour and performance
of VAT prototypes. Testing was accomplished with the development of a µN-level direct
thrust measurement stand, a Faraday Cup probe, a two-axis thruster rotation system, an
ion collector and various data collection and processing systems.
In a number of cases, new thruster designs and operationswere found to (1) enhance ion
production rates, (2) reduce the cathode erosion rate by improving cathode spotmotion,
and (3) tailor the plasma jet shape towards favourable performance. As a result, several
VAT prototypes demonstrated significant increases in thrust production and specific im-
pulse values of up to 100% (∼ 400 µN/A) and 250% (∼ 1000 s) respectively over typical
baseline VAT designs (∼ 200 µN/A, 400 s). Several previously unexplored relationships
and interactions between VAT performance and thruster parameters such as arc current,
arc pulse length, cathode surface geometry, cathode microstructure and thermal prop-
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erties, plasma jet shape, and cathode spot dynamics were recognised and characterised.
The role of the arc pulse length, spot motion and erosion coverage were highlighted as
key elements which profoundly impacted on VAT design and performance. This work
opens up new areas of VAT design, whilst posing new questions about the fascinating
nature and utility of vacuum arc spots for efficient and effective plasma jet production.
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Chapter 1
Introduction
The vacuum arc thruster (VAT) is a small space propulsion system that produces plasma
jets by means of a vacuum arc pulse between two electrodes separated by an insula-
tor (Schein et al. 2002a). The schematic shown in Figure 1.1 depicts the basic elements
and features of a typical VAT. The action of the vacuum arc forms hot microscopic cath-
ode spots on the cathode surface, which emits vapourised cathode material. This mate-
rial becomes ionised within the arc region and expands outward as a dense high-speed
plasma, achieving velocities as high as 20 km/s. The vacuum arc pulses within the VAT
are generated by a power circuit comprised of a network of capacitors and inductors
called a pulse-forming network (PFN). Typical thrust values from a VAT are on the order
of a few mN per pulse, where pulses are usually 50–500 µs in length and fired at a rate of
1–50 Hz. Typical impulses (or impulse bits) are in the µNs range.
The VAT falls under the category of a microthruster, which is a propulsion system that
gives small satellites (typically 1–100 kgmass) the ability to perform orbital manoeuvres,
drag compensation and station-keeping. These capabilities are highly attractive because
they allow a satellite to orient itself at will, perform orbit positioning and greatly extend
mission lifetime. A large variety of microthrusters exist and continue to be developed to
address the technical challenges of miniaturising propulsion systems. Examples include
Pulsed Plasma Thrusters (PPT), Field Emission Electric Propulsion (FEEP), Laser Abla-
1
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Figure 1.1: Schematic illustrating basic elements (cathode, anode, insulator, PFN) and features
(cathodic arc, cathode spots, plasma jet, macroparticles) of a typical VAT.
tion Thrusters, micro-Ion Thrusters, micro-Resistojets and micro-Cold Gas Thrusters.
Readers may consult Mueller (1997) andMicci & Ketsdever (2000) for a general overview
of micro-propulsion options for satellites.
1.1 Background
1.1.1 Micro-propulsion in the South African and international context
In the last decade, the South African government has recognised the socio-economic,
scientific and technological benefits that space and satellite technology can provide to its
citizens. As a result, the newly-formed South AfricanNational Space Agency (SANSA) has
been mandated to develop practical applications of space technology in areas such as
remote sensing, earth observation, space weather monitoring and research, asset track-
ing and telecommunications (SANSA 2013). One of the ways SANSA plans to achieve
this mandate is the development of space system technologies, particularly for small-
sized satellites. This comes at an opportune time when the local and international space
community has taken an increasing interest in the application of small satellites to allow
lower cost access to space and with shorter development times (Smallsat 2014). In par-
ticular, the number of satellite missions utilising the CubeSat architecture is growing, a
recent example being the local development and successful launch of South Africa’s first
CubeSat ZACUBE-1 (now called TshepisoSat) in November 2013 (CPUT 2014).
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SouthAfrica’s small satellite engineering subsystemexpertise currently include electronic
and power subsystems, attitude control & determination, structures and thermal. How-
ever, South Africa’s experience with satellite propulsion systems is limited at best, where
nearly all systems previously developed (in the 1980’s and 1990’s) were chemically-based
and applicable only to relatively large spacecraft. To date, there are no locally-developed
andflight-qualified propulsion systems ormicrothrusters available to satellite designers.
Recent satellite propulsion system research has generally been limited to theoretical and
early laboratory prototypes (Weyer et al. 2004, Lun 2009, Ferrer & Tchonang 2011). This
limitation is due to the demanding operation, performance, size andmass requirements
expected of small satellite propulsion systems, the lack of diagnostic tools and infrastruc-
ture required for thruster testing, as well as a general lack of knowledge about thruster
design and manufacturing. This is particularly true for electric or plasma propulsion
systems, which promise higher performance in a smaller package volume over chemical
propulsion, but at the expense of lower maximum thrust, the requirement of a power
source and the presence of complex electromagnetic and plasma behaviour. This body
of work aims to address some of these issues by expanding current knowledge of the
VAT’s design and operational aspects.
1.1.2 Why study the vacuumarc thruster?
The VAT is attractive as a potential microthruster due to its low overall system mass (<
1 kg), flexible and low average power usage (1–100 W), use of relatively low cost materi-
als or manufacturing techniques, the generation of quasi-neutral plasma (no neutraliser
unit is required) and the ability to use any electrically-conductive solid material as pro-
pellant. The use of relatively safe and inert solid propellent also eliminates the require-
ment for, and failure modes associated with, propellant tanks, valves and piping. Addi-
tionally, intricate and potentially hazardous propellant handling procedures are avoided
andVATs pose little to no risk of catastrophic failure to a satellite. These powerful and po-
tential benefits of VATs have been recognised by several research groups, which had been
or are presently developing VAT propulsion system hardware for space flight (IEPC 2013,
priv. comm.). However, in practice, the VAT generally only provides modest specific
impulse values (300–600 s) and thrust-to-power ratios (5–10 µN/W) compared to other
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plasma thrusters. Additionally, the VAT is still a relatively new propulsion technology
compared tomany other commercial systems such as the PPT, which has almost 50 years
of development and flight heritage. With that in mind, there exists much opportunity to
enhance, optimise and mature VAT technology in order to achieve its wider acceptance
by the small satellite community as an attractive and viable propulsion solution.
1.1.3 What are vacuumarcs?
The term vacuum arc is used to describe a current-driven arc discharge that exists be-
tween a pair of anode and cathode electrodes within a vacuum environment. A charac-
teristic feature of the vacuum arc is that the cathode electrode is a source of both electron
emission and plasma production (Anders 2008). The mechanism for the creation and
emission of plasma is achieved through the formation of small arc spots on the cath-
ode surface. These cathode spots are microscopic in size and are initially formed by in-
tense thermo-field emission at several micro-protrusions on the surface where the elec-
tric field (109 V/m) is highly concentrated. The high power density present in these ar-
eas is sufficient to heat, vapourise and eject cathode material, which collides with the
electron cloud to form highly ionised quasi-neutral plasma consisting of single- and
multiply-charged ions travelling on the order of 10–20 km/s (see Figure 1.2). The sur-
prisingly large amount of ion momentum (thrusting force) that is generated by the vac-
uum arc plasma is presently considered to be primarily due to the ion pressure gradi-
ent (gas-dynamic expansion) and electron-ion coupling/friction (fast-moving electrons
imparting momentum to slower-moving ions) (Weickert 1987, Hantzsche 1991, Yushkov
et al. 2000). A conventionalmodel of the process of cathodic plasma generation is shown
in Figure 1.2, which contains simplified regions dominated by emission, ionisation and
diffusion. Ions from this plasma jet expand outward, with a portion of ions returning to
the cathode surface. The bombardment of returning ions assists in sustaining heating of
the cathode spot surface until the vacuum arc de-stabilises and re-initiates a new spot at
a suitable nearby location. This continued behaviour during the arc gives the impression
of spot motion. Each arcing event leaves one or more small surface craters, dynamically
altering the surface structure and its conditions for the next arcing event. More detailed
descriptions of cathodic arc physics can be found in a number of sources (e.g. (Boxman
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et al. 1995, Anders 2008)). The reader is also welcome to read a previous article written
by the author on the development of a vacuum arc cathode spot model (Lun et al. 2010).
Figure 1.2: Schematic of single cathode spot surface and near-cathode regions with major par-
ticle interactions of neutral and electron emission, electron and ion return, ionisation and ion
acceleration. Source from Lun (2009).
Remarkably, many of these vacuum arc processes occur on extremely small time scales
(ns to µs), making their observation highly challenging. Vacuum arcs can exist over a
wide range of operating conditions, such as low- or high-temperature electrodes, the
presence of a gas or magnetic fields, from 10 A to 10 kA arc current levels and in different
arc modes (Anders 2008). In this work, we deal primarily with cathodic arcs (a subset of
vacuum arcs) where the arc operates in high vacuum on low-temperature cathodes and
typically forms non-stationary cathode spots. Cathodic arcs were found to be the most
common arc mode of choice in literature for operating vacuum arc thrusters.
The structure of cathode spots have been a subject ofmuch controversy over the decades.
Initially, each spot was assumed to be a singular micro-sized area of surface heating and
plasma generation (Boxman et al. 1995). A spot was reported to generally carry no more
than a fixed amount of arc current, whereby an increase in total cathode arc current re-
sulted in “spot splitting” and the formation of additional spots (Djakov & Holmes 1971,
Lafferty 1980). Spot splitting was found to be material-specific and related to the cath-
ode’s thermal properties. Table 1.1 lists typical arc current per spot values reported for
several cathode materials. Once a sufficiently large number of spots becomes present
during higher arc currents (kA range), grouped spot behaviour occurs, often influenced
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by the self-magnetic fields of the cathode spots’ plasma jets (Boxman et al. 1995). Thus,
the choice of cathode material and arc current used will jointly influence the overall be-
haviour and operation of the VAT.
Table 1.1: List of typical arc current per spot values for several cathode materials, based on work
by Djakov & Holmes (1971), Lafferty (1980), Beilis et al. (1997) and Boxman et al. (1995).
Material Arc current per spot (A)
Bismuth 3–5
Aluminium 30–50
Copper 75–100
Chromium 30–50
Iron 60–100
Titanium 70
Carbon 200
Tungsten 250–300
As the spatial and temporal resolution of spot observations improved over the years,
researchers soon discovered that the cathode spot itself was comprised of a collection
of ever-smaller structures, commonly referred to as spot fragments or cells (Barengolts
et al. 2003). Ultimately, a fractal approach to cathodic arcs was proposed by Anders
(2008), arising out of Mesyats’s (1995) concept of the smallest emission site possible
within a cathode spot (called “ectons”). Presently, the most essential definition of the
cathode spot can be considered to be
“...an assembly of emission centers showing fractal properties in spatial and
temporal dimensions.”
— Anders (2008, p. 128)
Vacuum arcs as a phenomena were studied as early as the 19th Century as part of the
emerging interest in electricity and arc discharges at that time. Since then, vacuum
arc research was extensively expanded through the development and use of vacuum
switches/tubes and thin film deposition in the 20th Century. Today, vacuum arcs con-
tinue to play an important role in the production of thin films and coatings (Sanders &
Anders 2000), as ion sources (Brown 1994) and in the production of carbon nanotubes
and graphene (Keidar et al. 2011). Popular and comprehensive texts on vacuum arcs
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and cathodic arcs have been written by Lafferty (1980), Boxman et al. (1995) and Anders
(2008).
1.1.4 History of the vacuumarc thruster
The earliest published studies on vacuum arc thrusters were performed by Dethlefsen
(1968), and Gilmour & Lockwood (1972). They tested a variety of cathode materials and
pioneered the use of an axial magnetic field to focus the ejected plasma jet. It was soon
recognised that operating the thruster in a pulsed fashion enabled the required produc-
tion of high power densities within the arc whilst maintaining low average power usage
and small system size. However, the problem of delivering an adequate power supply
to spacecraft systems meant that the VAT andmany other electric propulsion systems of
that era did not develop further for small satellites until much later in the 20th Century.
Eventually, the miniaturisation of electronic components and the widely-adopted use of
solar panels allowed the vacuum arc thruster to become a more attractive form of small
satellite propulsion. VAT research was revitalised over the period 1998–2005 as result of a
collaboration between Alameda Applied Sciences Corporation (AASC), NASA/Caltech Jet
Propulsion Laboratory (JPL) and the Lawrence Berkeley National Laboratory (LBNL) (Qi
et al. 1998, Tang et al. 2005, Polk et al. 2008). During that time, a number of important de-
velopments were made such as the development of the inductive energy storage circuit
(Schein et al. 2002a), which incorporates the triggerless arc initiation technique (Anders
et al. 1998) and the integration of a compact magnetic coil to collimate and accelerate
the plasma (Tang et al. 2005, Keidar et al. 2005). Additionally, Qi et al. (1998) consid-
ered the vacuum arc thruster as a potential ion source for an electrostatic ion engine.
An early engine prototype was developed using a bismuth cathode, which demonstrated
good specific impulse levels as high as 3000–4000 s. AASC is the only company currently
offering the VAT commercially (AASC 2011).
The first in-flight testing of a VAT system was attempted in 2006, where a simple VAT
propulsion system was designed for the Illinois Observing Nanosatellite, a student-built
satellite developed at theUniversity of Illinois at Urbana-Champaign. Unfortunately, the
launch rocket failed to reach orbit and the satellite was lost (Takker & Dabrowski 2006).
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Currently, other researchers are developing VATs for use as CubeSat propulsion subsys-
tems. This includes work by the University of Federal Armed Forces in Germany on the
UWE-4 nanosatellite (Pietzka et al. 2013), Kyushu Institute of Technology development
on HORYU nanosatellites (Fuchikami et al. 2013) and George Washington University’s
participation in the PhoneSat Project at NASA Ames Research Center (Keidar et al. 2013)
and the US Air Force BRICSat-P CubeSat (Haque 2014). These groups intend to launch
their satellites in the 2014–2015 time frame.
There are many practical aspects of VAT design that require further attention. These
include safe and reliable arc triggering and cathode feed mechanisms, minimal ther-
mal stresses, electromagnetic compatibility, consistent operation and performance, and
extended operating lifetimes. These issues continue to pose serious challenges for re-
searchers and engineers alike and must be addressed with innovative thruster designs
(IEPC 2013, priv. comm.).
1.2 VAT design theory
Developing a complete and accurate theory of vacuum arc thrusters remains unfinished
and is highly challenging because vacuum arcs can exist over a wide range of operating
conditions, scales and modes. The cathode spots exhibit highly dynamic and complex
behaviourwhich dependnot only on ever-changing cathode surface conditions, but also
on the plasma itself. Only in the last decade or so has the explosive and fractal nature1 of
these arc spots begun to be fully appreciated by thewider scientific community (Mesyats
1995, Hantzsche 2003, Anders 2008).
To make the problem more tractable, current VAT models have limited themselves to
a number of gross simplifications of cathode spot behaviour and processes, e.g. one-
dimensional domains, ignored secondary energy processes, and broad or averaged spot
1There are awide range of cathode spot characteristics that support the fractal school of thought (e.g. see
Anders (2008)). For example, cathode spots have been found to not be homogenous, but comprised of ever-
smaller self-similar substructures (subspots, cells). Another example is the noise of the arc voltage, which
can be shown to follow brown noise. Other self-similar qualities include cathode spot motion and creation
(tree-like structures) andmacroparticle size distribution (follows a power law).
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and plasma behaviour. The first set of VAT theoretical performance models were devel-
oped during the early 21st century. Statom (2003) used published vacuum arc empirical
data and a basic energy balance to convert electrical energy to kinetic energy in order to
roughly estimate VAT thruster performance. Sekerak (2005) and Polk et al. (2008) devel-
oped a semi-empirical model based on the magneto-hydrodynamic equation of motion
tomore accurately determine VAT performance for a wide range of cathodematerials. In
so doing, they were able to identify some important design considerations for VAT elec-
trodes and provided recommendations for cathode material options. To reduce some
dependence on empirical data, Lun et al. (2010) developed a hybrid model combining
a cathode spot model with Polk et al.’s (2008) semi-empirical model to predict thruster
performance.
Unfortunately, present VATmodels still require empirical data input fromvacuumarc ex-
periments, which currently only exists for certain operating conditions, electrode sizes
and geometries. This makes present models applicable to only certain cathode shapes
(small coaxial rod or tube, e.g. 3–6 mm diameter) and narrow arc pulse conditions (80–
300 A, ∼ 250µs). To improve VAT modelling and understanding, a great need exists to
increase the amount of available experimental data across much wider performance en-
velopes, operating conditions and thruster geometries. This work aims to help address
this lack of available data.
1.3 VAT design practice
A summary of several VATs that were previously designed, built and tested are listed in
Table 1.2. It is immediately apparent that VATs can be operated across a wide range of
fuels, cathode sizes, arc current levels and pulse lengths. It should be noted, however,
that not all of these designs were necessarily optimised for peak performance. The most
common VAT design and operating condition to date has been a coaxial electrode ar-
rangement with a cylindrical 1/8 inch diameter cathode rod of Titanium, firing pulses of
10–200 A peak arc current and 250–500 µs in length. An assessment of these common
design choices can provide some insight into VAT design philosophy and heritage.
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Table 1.2: Some published VAT designs or tests in approximate chronological order with varying
cathode materials, sizes and geometry (where available). Specified operating pulse characteris-
tics are also listed.
Cathode properties Pulse characteristics
Ref. Material Dia./size (mm) Geometry Peak arc
current (A)
Pulse
length
(µs)
a Zn, U, Mg, Ti 3.18 Rod 200 50–500
b W, Ti 3.18 Rod 10 100
c Cr, Y Rod 10–25 250–500
d Ti 3.18 Rod 14, 510 1500, 100
e Multi-rods 25 600
f Ti 50 Cylinder 1500–2000 400–500
g Cu, Al 30 Rod 50–250 20000–DC
h Al 10 × 2 (face) Planar 200–800 0.4
i Ti 6.35 (outer) Annular tube 40 400
j Cu ∼ 4 (outer) Rod, tube 10–50 250–400
aGilmour & Lockwood (1972), bSchein et al. (2002a), cSchein et al. (2002b), dSekerak (2005),
eTang et al. (2005), f Neumann et al. (2009), gMarks et al. (2009), hLun (2009), iZhuang et al.
(2009), jPietzka et al. (2013) and Kronhaus et al. (2013)
1.3.1 Choice of cathode geometry
The twomost common cathode electrode designs used and studied in VATs are the small
rod and tube shape (see Table 1.2). These designs are largely based on vacuum arc re-
search heritage and provide a simple and convenient means of cathode manufacture
and installation. A small-sized cathode also allows for the cathode face to approximate a
point source for precise thrust pointing. As such, these cathode designs have been well
studied both experimentally and theoretically (Anders & Yushkov 2002a, Sekerak 2005,
Keidar et al. 2005). However, no VAT studies have been previously published on cathode
surface shapes other than a flat rod or tube face. In other research areas such as laser ab-
lation, plasma focus and nuclear fusion, concave or conical surface geometries were pre-
dicted and demonstrated to significantly affect the production of plasma jets over a wide
range of plasma properties, and spatial and temporal scales (Lebedev et al. 2002, Luna
et al. 2007, Yeates et al. 2011, Gambino et al. 2013). Some of those plasma conditions are
not too dissimilar to that present within vacuum arcs. Experimental measurements by
Miernik &Walkowicz (2000) also showed that the profile of the cathode surface can have
a significant effect on the spatial distribution of emitted macroparticles from a vacuum
arc. Hence, the effect of a conical cathode surface on vacuum arc plasma production
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and expansion will be initially explored in this work for its effects and potential benefit
towards thrust generation.
Sekerak (2005)measured the ion current density distribution (ICDD) of VAT plumes from
titanium cathode rods and found that the spatial distribution of the plasma jet generally
follows an Exponential or Gaussian distribution. He also found that thrust was highly
influenced by the plume’s divergence, the electrode geometry and electrode arrange-
ment. For example, a theoretical analysis of the “standard” VAT electrode design (that
is, flush coaxial) found that roughly two-thirds of the ejected ion momentum produced
thrust in the desired normal direction. Subsequent performance studies and models
have since assumed this behaviour for all cathode materials in this electrode arrange-
ment (Polk et al. 2008). However, this assumption should be re-examinedwith additional
experimental testing on other cathode shapes andmaterials, whichmay exhibit different
plasma jet characteristics.
1.3.2 Choice of cathodematerial
Given that any solid conductive material can be used as propellant in a VAT, metals are
generally well suited to this task due to their high density, good electrical and thermal
conductivities, high melting and boiling points, and relatively low electronic work func-
tion. Therefore, nearly all VATs tested so far have used pure metallic elements as fuel
(see Table 1.2). The popular use of Titanium is speculated to be largely due to familiarity
with prior art, its established use in industrial applications and good performance (see
Appendix A).
Although Polk et al. (2008) and Lun et al. (2010) were able to successfully predict VAT
performance for a wide range of periodic elements, it remains a challenging task to fully
explain why one cathode material performs better over another. Part of the frustration
lies in the fact that eachmaterial possesses a unique combination of thermophysical and
electrical properties. Additionally, these properties are liable to fluctuate and change
depending on (1) the state of the cathode surface, (2) the presence of macroparticles and
(3) its interaction with the dynamic, self-regulating vacuum arc (Anders 2008). Thus, it
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is quite possible that better-performing cathode materials (pure, compounds or alloys)
exist that have not yet been measured, properly predicted or merely overlooked.
The assumption that pure metals make the best fuel source also needs to be tested. For
example, one class of non-metallic materials which have not been considered for use
in VATs despite their extensive study in literature (e.g. Kandah & Meunier (1996), Beilis
(1999)) and use in industry (Boxman et al. 1995, Anders 2008), are the carbon or graphite-
based group of materials. Noteworthy characteristics of carbon are that it has high tem-
perature resistance, it sublimates instead of melting, and its resistance decreases with
increasing temperature (contrary to metals). Indeed, varying micro-structural, electri-
cal, and thermophysical characteristics across several carbon allotropes and grades can
be considered sufficient to regard each type of carbon as a unique material with differ-
ent vacuum arc features. These material properties highlight carbon and other graphite-
based materials as potentially interesting candidates as VAT fuels. Indeed, experimen-
tal evidence has indicated that carbon may possess significantly higher ion production
rates (Anders et al. 2005) and a wide range of erosion rates (Kimblin 1973, Kandah &
Meunier 1996) compared to their metallic counterparts. This study aims to explore and
characterise some of these new and previously untestedmaterials thatmay be beneficial
to VAT performance.
1.3.3 Choice of arc pulse characteristics
Most VATs operate within a narrow “standard” region of 10–200 A of peak arc current and
50–500 µs pulse lengths (see Table 1.2). This operational choice was heavily influenced
by the pioneering work of Gilmour & Lockwood (1972) and LBNL’s extensive investiga-
tion of vacuum arcs, e.g. see Brown (1994). One well-known feature of VATs is that thrust
is linearly proportional to the arc current delivered to the thruster. This is because the
ions originate frommicro-sized cathode spots, which tend to regulate their number de-
pending on the amount of arc current present. In other words, as the arc current level
increases or decreases, so do the number of plasma-emitting spots on the cathode sur-
face. This behaviour enables thrust production to be achieved without loss of efficiency
across a wide range of arc current or pulse charge levels (current-time integral).
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However, the practical choice of arc pulse characteristics is often largely limited by the
capability of the pulsed power circuit. The small size, volume and low average power
consumption of the circuit places severe constraints on thedesigner and this has resulted
in some VAT systems for nano-satellite platforms like the CubeSat to presently restrict
themselves to very short pulse lengths (≤ 250 µs) and low arc currents (10–40 A) (IEPC
2013, priv. comm.).
There are a number of property changes that occur in a VAT plasma when operating
within the realm of short pulses, all of which relate to the violent processes present in
the initial and early stages of the vacuum arc pulse. The first change to consider is the
average charge state of the ions being ejected by the VAT. Anders (1998) found that the av-
erage ion charge state of vacuum arc ions was highest near the beginning of the vacuum
arc pulse (10’s of µs) and tended to decrease towards a minimum asymptotic limit over
time (100’s of µs). This has been attributed to the gradual increase of charge exchange
collisions (CEX) occurring between the highly charged ion species and the lesser charged
species and neutrals as the arc pulse progresses in time (Anders & Yushkov 2007). For a
number ofmetal cathodes, the average ion charge statewas found to approach this lower
limit after a pulse length of 200–300 µs (Anders 1998).
The second change is in the average ion energy of the plasma. Anders & Yushkov (2002b)
andAnders et al. (2007a) also found that themost likely ion energy followed a similar pat-
tern of behaviour as the average ion charge state – highest near the start of the pulse and
decreasing to a lower asymptotic limit. This is also attributed to the increase of charge
exchange collisions with neutrals over time. At first glance, it appears that higher ion en-
ergies at very short pulses should improve ion momentum and hence thrust. However,
the value of the average ion charge state was pointed out by Polk et al. (2008) to have an
inversely proportional effect on thrust production, i.e. high ion charge states resulted in
lower thrust. Therefore, the changes in both the average ion energy and ion charge states
may be such that they roughly cancel out their effects on overall thrust. In summary, op-
erating at very short pulses may offer no or possibly even negative effects on VAT thrust
production.
Thirdly, each arc initiation event generates significant amounts of neutrals andmacropar-
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ticles. By operating at very short pulses, there is greater likelihood of producing addi-
tional macroparticles and increasing the erosion rate (Boxman et al. 1995). Studies on
sub-microsecond arc pulses have produced some evidence in agreement with this view
(see Lun (2009) and list of sources by Boxman et al. (1995, p. 124, 126)). Using an in-
creased number of arc triggering events to deliver the same amount of total impulse
could also accelerate degradation of the insulator and interelectrode gap conditions re-
quired for stable arcing. This can have a significant effect on VATperformance, especially
over the long-term. In conclusion, operating vacuum arc pulses of at least 200 µs length
is recommended in VATs to ensure maximised thrust production and avoid increases in
macroparticle emission.
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Figure 1.3: Map of arc operating conditions (peak arc current and arc pulse length) for several
published VAT designs. Approximate areas identifying extreme (Regions A–D) and desirable (Re-
gion E) operating limits are shown. A previously untested region of VAT operation within Region
E is highlighted.
CHAPTER 1. INTRODUCTION 15
Using data from Table 1.2, a map summarising arc pulse conditions previously tested in
VATs is presented in Figure 1.3. Several regions highlighting some general restrictions
placed on VAT design are identified. These regions are not strict and merely serve as
guidelines for the designer.
RegionA indicates increased average ion charge states, ion velocity andpotentially higher
erosion rates for pulse lengths < 200 µs. Region B indicates high heat loads due to large
arc current levels (in the kA range). Region C very roughly indicates high heat loads from
very long pulse lengths beyond 10 ms (the next section gives further discussion to heat
management). Region D is a lower limit for arc currents such that arc stability and exis-
tence is possible. Region E is an area of VAT operation that is generally desirable within
the requirements of a VAT space propulsion system with good performance. Most VAT
designs exist within this area, with at least one extreme design presented in each of the
outer regions (A, B and C).
Although numerous gaps are present on the map, Figure 1.3 identifies a specific operat-
ing region within Region E where almost no measurement or knowledge of VAT perfor-
mance and behaviour exists, that of vacuum arcs running at pulse lengths 1–10 ms long
and at low to medium arc current levels. Up to now, experimental evidence has shown
that the thrust generated by the VAT is linearly proportional to the arc current or pulse
charge, provided gross cathode melting does not occur. By extension, an assumption
long held has been that the thrust from a VAT operating at a given average arc current
should also be linearly proportional to the arc pulse length. While this has been gener-
ally shown to hold true for most VATs tested to date, there is very little evidence showing
that this also holds true for VATs operating in the millisecond range. The notion that
pulse lengths beyond 500 µs do not have an effect on ion properties and ion production
rates also needs to be examined. The purpose of this study was to further explore and
characterise vacuum arc thruster performance in this previously untested region.
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1.3.4 Cathode erosion and the production ofmacroparticles
Cathode erosion occurs due to theproduction and ejection of plasma, neutrals andmacro-
particles. Macroparticles (MP’s) can contribute as much as 20–50% of the total mass
loss, but produce little momentum in the normal direction despite being relatively large
in mass compared to ions. To illustrate this, assume typical VAT operating conditions
where equal amounts of cathode material are converted to ions and macroparticles, the
average ion velocity is 10 km/s, and the average MP velocity is 500 m/s. By direct com-
parison, the ratio ofMPmomentum to ionmomentum is only 500/10000 = 5%. In reality,
this ratio is much smaller because the majority of MPs are directed at large angles to the
normal thrust direction (see next paragraph). In addition, a portion of MPs are inter-
cepted by nearby surfaces, which further reduces their momentum contribution. Thus,
it is reasonable to estimate that MPs contribute a negligible 1% or less of the total thrust
level in a VAT.
Unfortunately, MP production makes a negative impact on the thruster’s specific im-
pulse because fuel that would have been available for ionisation (and thrust) is wasted
as (lowmomentum) liquid droplets instead. The presence of macroparticles can also in-
crease the likelihood of contaminating surrounding satellite components such as solar
panels or optics. Daalder (1976) found that most MP’s are ejected at peak shallow angles
of 10◦–30◦ to the cathode surface. This means that a VAT design can significantly reduce
the amount of macroparticles being ejected outward by recessing the cathode within
the thruster. However, care should be taken to not significantly reduce thrust by doing so
(Polk et al. 2008). Rysanek & Burton (2008) studied both theoretically and experimentally
the nature of MP’s emitted by a VAT in terms of their charge, velocity and size distribu-
tions. They found that macroparticles can be positively charged and the charge state
of a macroparticle is roughly proportional to the square of its diameter. They therefore
proposed the use of externally applied electric fields as a possible filtering mechanism.
However, no VAT design has tested this technique as of yet.
Daalder (1975) found that the arc current level, cathode size and arc pulse length made a
significant impact on the erosion rate andMP production of copper vacuum arcs. Shalev
et al. (1986) also found that MP production strongly depended on the cathode tempera-
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ture. In other words, the hotter the cathode is, the higher the severity of cathode melt-
ing and macroparticle production. Thus, the thermal state of the cathode needs to be
carefully managed. Active cooling systems such as water cooling are typically seen in
industrial pulsed and direct current (DC) vacuum arc setups. However, this option is
not attractive for VATs which need to be small in size and consume low levels of power.
In practice, VATs typically operate by limiting the pulse’s peak arc current and the firing
frequency. A rough guideline is to run the VAT at ≤1% duty cycle (Brown 1994, Schein
et al. 2002a), where duty cycle δc is a function of the time periods that the thruster is on
(ton) and off (to f f ) during overall operation (Anders 2008, p. 244). Duty cycle can also be
calculated as the product of pulse length tp and pulse frequency f , i.e.
δc =
ton
ton+ to f f
≡ tp f (1.1)
The choice of cathode material also impacts cathode heating and melting. Generally,
cathode materials with a low melting point tend to erode more and therefore produce a
larger amount of macroparticles compared to materials with high melting points. Other
than practical experience, there does not currently exist any comprehensive study or de-
sign theory published on heat management in VATs. Practical limits on erosion rates for
various power heating levels, cathode materials and sizes have also not yet been fully
determined.
Apart from reducing macroparticle production, uniform cathode erosion is also impor-
tant for theVAT to ensure consistent and reliable thruster operation. This canbe achieved
in a number of ways. General practise in vacuum arc research has been the delivery of
relatively large arc currents (100’s of A) in the 200–500 µs range for small cathodes (3–6
mm diameter) (e.g. Brown (1994)) or > 1 kA for larger cathodes sizes (30–50 mm diame-
ter) (e.g. Neumann et al. (2009)). The high arc current level produces a large number of
cathode spots, which tend to repel one another and spread out over the surface. An im-
provement to good spot surface coverage was further explored by Neumann et al. (2009),
who used a centrally-triggered cathode design and a high current “sawtooth” arc current
pulse shape to power the arc. This created the effect of a few cathode spots near the cen-
tre of the cathode andmany spots near the cathode edge to achieve uniformspot spacing
and distribution. This resulted in greatly improved erosion uniformity.
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Unfortunately, many VAT designs are practically limited to using much lower arc cur-
rent levels to ensure good heat management and low average power consumption. The
resulting low number of cathode spots (sometimes only one spot is present) can create
problems for uniform cathode erosion. This was recently experienced by Pietzka et al.
(2013), who used pulses of 10–50 A peak arc current and 250–400 µs in length on a cop-
per cathode rod. They found that erosion only occurred on the circumference of the
rod where arc triggering took place, whilst the central portion of the rod remained un-
touched. This meant that the single cathode spot was unable to reach the rod centre
before extinguishing. To address the problem of uneven erosion, Pietzka et al. (2013) in-
stalled a tubular cathode instead of a rod to ensure uniform cathode erosion at the tube
edge. An in-depth study of pulse length effects on cathode erosion in VATs is lacking in
present literature.
The degree and location of cathode erosion can also be controlled by steering the cath-
ode spots. Generally increasing the motion of cathode spots over the cathode surface
tends to reduce local cathode temperatures because the spots do not reside over a partic-
ular area long enough to induce gross melting (Daalder 1975). A common method used
in industrial film deposition and vacuum arc interrupter devices is to usemagnetic fields
to force spot motion or disrupt the arc altogether (Boxman et al. 1995, Anders 2008). This
technique has been well studied over the decades and recently applied by Zhuang et al.
(2009) in a VAT, who used an axial magnetic field to both focus the plasma jet and cause
the cathode spot to rotate along the cathode tube’s circumference.
There may exist other techniques to help direct cathode spot motion across the cathode
surface. For example, in an industrial film deposition application, Vergason et al. (2001)
used several discrete anodes positioned around the cathode. During operation, each
anodewas electrically switched at a desired frequency, forcing the cathode spots tomove
along with the presently active anode(s). This caused a significant reduction in both the
cathode’s surface roughness and deposited macroparticle content on target substrates.
No literature has been found on the use of discrete anode switching in a VAT. Further
study is required to assess if this technique is feasible, applicable and beneficial to the
operation of VATs.
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1.3.5 Performance enhancement of VATs
Magnetic “nozzles” and plasma confinement are considered established areas of study
in plasma physics and general electric propulsion, with widespread use in Ion thrusters,
Hall thrusters and Magnetohydrodynamic thrusters. To date, axial magnetic fields have
been successfully demonstrated to enhance the performance of VATs by causing the
ejecting plasma jet to collimate and accelerate in the desired thrust direction (Gilmour &
Lockwood 1972, Keidar et al. 1996, Keidar et al. 2005). In one thruster design, AASCused a
magnetic coil formed as part of the pulse circuit to produce a 50% thrust increasewithout
significantly increasing the overall system mass (Tang et al. 2005). Present engineering
issues formagnetically-enhanced VATs has been system integration and implementation
within very demanding mission size, volume and mass constraints. Another vital issue
is mitigating the increase of VAT operating arc voltage due to the presence of the diverg-
ing axial magnetic field. This can occur in a coaxial cathode rod electrode configuration
where the orientation of themagnetic field lines can impede electron flow from the cath-
ode to the anode, forcing a rise in arc voltage (and thus arc power) to sustain the vacuum
arc (Keidar et al. 1997).
Given the significant amount of research already done in this area, the scope of this work
was purposefully limited to exclude comprehensive studies on magnetically-enhanced
VATs. Instead, this study recognises and explores alternative means of enhancing VAT
performance and operation, some of which have been discussed in previous sections.
Adopting a step-by-step strategy, the primary goal of this work is to first show and un-
derstand how the proposed new VAT designs can influence VAT performance in their
own capacity. Only then, can an extra layer of complexity be added and their combined
use with axial magnetic fields explored. For practical limitations on scope, only the first
exploration step is considered, with a focus on VAT designs that exclude the use of an
externally-applied axial magnetic field.
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1.4 Motivation
Whilst key design improvements such as the inductive energy storage circuit and the ax-
ial magnetic field have improved the VAT’s potential as a propulsion system, there exist
a number of alternative thruster designs, operating conditions and aspects that remain
unexplored in literature and which may further benefit VAT performance and an under-
standing of their behaviour. In addition, some of the present assumptions in vacuum
arc science and VAT design philosophy need to be re-examined. At present, four clear
gaps in the current literature have been identified that suggest potential areas of greater
understanding of VAT operation and performance improvement. These are: (a) the use
of longer arc pulse lengths beyond the present state-of-the-art, (b) the use of cathode
profile shapes other than a flat surface, (c) the study of previously untested cathode ma-
terials such as graphite, and (d) techniques such as anode switching to manage cathode
erosion.
1.5 Objectives
There are many features of vacuum arc thruster design and operation that need to be
studied and expandedupon. This studywill investigate the following areaswith the over-
all goal of improving the performance of vacuum arc thrusters:
1. Study the effect of operating parameters such as arc pulse length on VATs;
2. Expand cathode design knowledge through the use of new or untested materials
and new electrode shapes; and
3. Better understand cathode erosion and cathode heat management in VATs using
the discrete anode switching technique.
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1.6 Outline
An outline of this work is as follows: Chapter 2 explains the method and strategy used to
perform this study. Chapter 3 provides a detailed description of the test setup, measur-
ing apparatus and techniques developed for this work. Chapter 4 provides a detailed de-
scription of thruster prototype development, behaviour and performance. Chapters 5–8
presents the testmethod and results of each of the areas of study, that is, the effects of arc
pulse length (Chapter 5), cathode shape (Chapter 6), the novel use of carbon-based cath-
odes as fuel (Chapter 7), and the use of the discrete anode switching technique (Chapter
8). A synthesis and overall summary of results is presented in Chapter 9. Finally, conclu-
sions and recommendations are given in Chapter 10. Appendices containing empirical
VAT performance data, mathematical derivations, geometric solutions and additional
experimental results are also included.
Chapter 2
Method
2.1 Experimental versus theoretical approach
2.1.1 The experimental approach
Historically, research on VAT performance has been largely experimental. The greatest
advantage with this approach are that VAT prototypes can be feasibly developed and op-
erate in a manner where all relevant environmental and internal influences are present.
In other words, experimentation can provide stronger evidence on the effect of new
thruster designs and changes to operations. Also, the design changes and new tech-
niques proposed in this study are easier to implement and test through well-understood
and established experimental techniques, rather than developing complex and untested
theoretical models for each design change.
It is generally difficult to experimentally measure plasma properties of the vacuum arc
close to the cathode region due to the intense conditions and small spatial and temporal
scales present. Another significant problem is the physical presence of plasma probes,
which can affect the plasma itself. Thus, the probe must be (a) small in size and able to
function for a brief period of time before being damaged, or (b) positioned far from the
22
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plasma source such that it has a small influence on overall plasma behaviour.
Another concern with experimentation is to ensure consistent and accurate test condi-
tions. Undesirable changes can and do occur to the thruster during tests, such as wear
and tear, uncontrolled cathode spot motion, changes in the cathode’s surface proper-
ties and features, and variation in the interelectrode surface and regional gap properties
(topology, composition and electrical conductivity). Thus, great care should be taken to
ensure identical initial thruster conditions prior to testing, minimising disturbance on
measurements, and applying appropriate statistical analysis on test data. Experimen-
tation also requires significant investment in the development of thruster diagnostics
equipment and high-vacuum test facilities, much of which did not exist in sufficient ca-
pacity at Wits University (or the country for that matter) prior to this work.
2.1.2 The theoretical approach
A review of current literature indicates that vacuum arc thruster models are still in the
early stages of development. To date, there are a number of useful theoretical approaches
available for predicting VAT performance over a limited range of VAT design and operat-
ing conditions. These include analytical (Beilis 2008), empirical (Polk et al. 2008), hybrid
(Lun et al. 2010), and numerical (Keidar et al. 2005) methods. Many of these models
require empirical data to function correctly and may be performed singly or in conjunc-
tion with other models to describe the entire cathode surface-to-plasma jet region. For
example, Keidar et al. (2005) numerically modelled a magnetically-enhanced plasma jet
ejected from a VAT, but relied on an analytical cathode spot model and some empirical
data to generate boundary conditions for the plasma simulation. Despite giving rea-
sonably good estimates of general VAT performance and behaviour, VAT models remain
unverified for a large range of thruster designs, cathodematerials and thruster operating
conditions.
Ideally, the advantage of a theoretical modelling approach is in its potential to predict
and discover new and optimum thruster designs and operating regimes according to
specified design parameter inputs. Theoretical modelling can also predict VAT perfor-
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mance and behaviour for test conditions or designs that are difficult to replicate in the
laboratory. However, considerable theoretical development is still required to make this
a practical reality. This is because the vacuumarc itself is a highly complex phenomenon.
In an effort to better model vacuum arc processes, increasingly descriptive and complex
models are being pursued. Most recently, Beilis (2014) began work towards developing
a time-dependant and mathematically closed model of the cathode spot applicable to
the VAT. However, considerations must still be made for dynamic initial conditions, the
presence of macroparticles and cathode surface topology. To address this, it is foresee-
able that future vacuum arc models will be predominantly numerical in nature. Multi-
physics simulation models may hold the potential to incorporate the entire spectrum of
physical interactions, and include the multi-phase, spatial and temporal processes on
the micro and macroscopic scale. Recent models by Timko (2011) and others are a step
in this direction.
One popular method used in many plasma thruster simulations has been particle-in-
cell (PIC) numerical models. These models break the plasma domain down into small
discrete cells and apply the relevant particle force interactions and continuity equations
to each cell (much like the well-established iterative discrete models of Finite Element
Analysis and Computational FluidDynamics). PICmodels often have several constraints
or assumptions about the plasma in question. For instance, a Maxwellian distribution
of electrons is often used, models are practically limited (in memory size and computing
time) tomedium-level plasma densities (∼ 1016–1018 m−3) or a small physical test region.
Unfortunately, these simplifications are generally unsatisfactory in VAT-related prob-
lems. This is because electron behaviour in the near cathode spot region is not stable
and highly dynamic (non-Maxwellian). There also exists a transition from non-thermal
to thermal equilibrium plasma conditions within the local near-cathode region, which
introduces added difficulty in modelling broad plasma behaviour. The high range of
plasma densities across the cathode spot domain and very small time scales (ns) inwhich
vacuum arc processes function also force adequate PICmodels to incorporate very small
time steps and cell sizes. The PIC model must be able to model plasma conditions in the
near-cathode spot region at themicron level right up to the centimetre-sized scale of the
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plasma jet, including interactions with adjacent spots, nearby surfaces and the plasma
itself. A significant issue is the constantly varying initial conditions and feedback mech-
anisms of the plasma and cathode spot region(s), which introduce large uncertainties
in many types of modelling. Ultimately, proper consideration of the spatial and tempo-
ral dynamics of the vacuum arc thruster will require considerably larger computational
resources and software development compared to many other more traditional plasma
thruster models.
Finally, the validation and verification of theoretical models is limited by the range of
available empirical data. This limits what can be done in these models, where the full
range of vacuum arc behaviour and physical processes is not yet sufficiently understood
to produce high confidence in model results.
2.1.3 Findings and conclusion
Very few breakthroughs in thruster design were expected to be accomplished from a
purely theoretical approach at this stage of thruster development. It was also seen to
be too ambitious to develop sufficient advances in modelling plasmas arc discharges
within a single project without prior experience in plasma simulation. Coupled with
a 3–4 year time frame to accomplish the scope of work, computational simulation was
not recommended. In terms of the study objectives, experimentation offered a more at-
tractive path over the theoretical approach because new thruster designs, materials and
operating conditions could bemore easily implemented, and their effects more strongly
validated using test data taken in a real world environment. At the same time, experi-
mental data is more useful to the micropropulsion community, generating results that
can be used to further evaluate existing theoretical VAT models and provide interesting
and useful test cases for improving those models. Therefore, an experimental approach
to this study was primarily adopted.
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2.2 Use of a baseline thruster design
In order to generate repeatable and comparable experimental results, the development
of a baseline or reference thruster prototype was considered a crucial element in this
study. The baseline thruster design has a number of features:
1. The design, operation, behaviour and performance of the baseline thruster should
be broadly typical to that of other VATs within literature. This ensures that the ini-
tial (and subsequent) prototypes are functioning correctly and that comparisons of
this work’s results with previously published data on both VATs and relevant vac-
uum arc research can be more easily made. The measured performance of the
baseline thruster can also be used to validate and verify thruster diagnostic equip-
ment.
2. The baseline thruster contains flexible and modular features that can accommo-
date different electrode designs, mounting configurations and add-ons.
3. The performance of the baseline thruster provides a foundational result for com-
paring the effects of any design or operational modifications that are being stud-
ied. The strength of this approach is that any biases and external factors (uncon-
trolled or inherent) that are present in test studies can be generally compensated
for by also measuring the baseline thruster under the same conditions.
The focus of this study was to examine the design and performance aspects of VATs
within the size & mass (≤500 g total system mass), supply voltages (≤ 100 V) and power
limits (1–20 W) typically desired of a microthruster system for small satellites (as men-
tioned in Chapter 1). Therefore, the operation of all VAT prototypes tested in this project
was limited to relatively low arc currents (up to 100 A peak; most tests at 50 A peak) and
low power levels (typically within 1–30 W average power). These limits were largely gov-
erned by practical issues such as thermal load management of the small-sized VATs and
the performance capabilities of the present pulse circuit.
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The baseline thruster was designed with the ability to easily use different cathode mate-
rials of varying thermophysical and electric properties. Each material delivers different
levels of performance and affects thruster operation in its own way, which aids thruster
performance characterisation over a wide operating space. However, only a single cath-
ode diameter was studied based on commercial availability and cost of materials, and to
limit the test matrix to a more manageable size.
2.3 Measurement strategy
2.3.1 Performancemetrics
To assess a VAT design or any thruster for that matter, a set of quantifiable performance
metrics needs to be defined. These criteria are usually formulated from a combination
of different thruster input and output variables. Over the years, a few key thruster per-
formance and qualification metrics have gained acceptance within the general propul-
sion and specialised micro-propulsion literature. They include specific impulse, thrust-
to-power ratio, power efficiency, total impulse, impulse bit, nominal thrust and nominal
power usage. Parameters such as thrust, thrust-to-power, impulse per joule, efficiency
and specific impulse are the de facto method of characterising general performance by
space thruster designers. These parameters also give systemengineers andmissionplan-
ners a useful indication of propulsion systemperformance in relation to the overall satel-
lite system. More specialised parameters such as ion erosion rate and ion mass fraction
are more commonly used in vacuum arc science to describe ion production rates. These
parameters are useful in the context of VATs because they allow test runs to be com-
pared in generic terms for their ability to produce ions (and hence thrust) for a given
amount of input energy or fuel mass. By using widely accepted methods of character-
ising vacuum arcs, VATs and microthrusters in general, this study provides data that is
more compatible and accessible to the overall research effort on vacuum arcs, VATs and
themicro-propulsion systems.
According to Polk et al. (2008), a number of thruster performance metrics specifically
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tailored to VATs can be formulated as follows:
Thrust (in the normal direction) is defined as
T =CT m˙i v¯i =CT
(
mi
Ii
e Z¯
)
v¯i (2.1)
wheremi is the ion mass, Ii is the ion current, e is electron charge, Z¯ is the average ion
charge state, v¯i is the average ion velocity, and CT is a correction factor to account for a
reduction in normal thrust due to plume divergence as well as the presence of the anode
electrode intercepting part of the plume jet. A detailed description and derivation of CT
can be found in Appendix B. The value ofCT was generally found to be 0.64 for a coaxial
flush electrode configuration (Polk et al. 2008). This means that only 64% of the total ion
momentum provides thrust in the normal direction of the cathode surface.
Note that the term in brackets is the ion mass flow rate m˙i . The ion current can also be
conveniently described as a ratio of the arc current, i.e. Ii = ǫI . The parameter ǫ is known
as the ion-to-arc current ratio. This value is typically between 7–10% of the arc current
and is generally found to be constant over a wide range of arc conditions and current
levels.
The impulse bit is defined as
Ibi t =
∫tp
0
Tdt ≈T tp (2.2)
where tp is the pulse duration or length.
Specific impulse is ameasure of howmuch force a thruster producesusing a given amount
of fuel and is defined as
Isp =
T
IEr g
(2.3)
where I is the arc discharge current and g is gravitational acceleration. The total erosion
rate Er is defined here (and commonly in vacuum arc science) as the fraction of netmass
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eroded ∆m per total sum of arc pulse charges fired by the thruster
∑
Q and is normally
depicted in units of µg/C
Er =
∆m∑
Q
(2.4)
Each pulse charge is the product of average arc current I over pulse length tp
Q = I tp (2.5)
The total sum of arc pulse charges can be calculated by counting the total number of
pulses such that ∑
Q =QN ≡Q( f ∆t )≡ I tp f ∆t (2.6)
where N is the total number of pulses fired, ∆t is the total operating time of the thruster,
f is the pulse frequency and the term tp f defines the duty cycle of the thruster (e.g.,
a 10% duty cycle means that the thruster fires for an equivalent time of 0.1 s for every
second of operation).
The arc power is the product of arc current I and arc voltage V
P = IV (2.7)
Accordingly, average input power is
P¯ =P(tp f ) (2.8)
The pulse energy is the product of arc power P and pulse length tp
E j = Ptp (2.9)
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Finally, the thruster efficiency is the ratio of thrust power to input power
η= T
2
2PIEr
(2.10)
Other metrics
In addition, many authors such as Anders & Yushkov (2002b), Anders et al. (2005), Polk
et al. (2008), Beilis (2008), Lun et al. (2010) and Neumann et al. (2012) introduced or
adopted a variety of other VAT-specific lower-level performance metrics to more easily
compare results across different cathode materials. These include:
1. Ejected mass of ions per input charge (also known as ion erosion rate or m˙i )
2. Ion mass fraction (ratio of ion-to-total erosion rate)
3. Thrust per arc current, T /I
4. Thrust-to-power ratio, T /P
5. Impulse (or momentum) per ion particle,mi v¯i
6. Impulse per ejected mass of ions
7. Impulse per eroded volume of cathode material
8. Impulse per joule of input energy (numerically equivalent to thrust-to-power ratio)
Only items 1, 3, 4 and 8 will be implemented here and used to provide particular in-
sights into general cathode material performance. The ratio T /I is particularly useful
as a metric because it allows thrust production to be conveniently compared across a
wide range of arc current (and hence power) levels, thruster designs and operating condi-
tions. It also acknowledges the physically-observed linear relationship between arc cur-
rent and thrust. Item 2 can be useful since it provides an indication of how effectively the
thruster converts fuel into thrust-producing particles versus wasted material. However,
only rough estimates of the ion-to-erosion rate ratio can bemade because finding the ion
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mass flow rate requires knowledge of the average ion charge state, which could not be di-
rectly measured in this study (measuring ion charge was initially considered at the start
of the study, but it was eventually decided that other parameterswere of greater practical
benefit, given the limited time available and difficulty in performing such a task). Fortu-
nately, specific impulse (which can be calculated) gives a more holistic and meaningful
indication of thrusting efficiency.
Note on the calculation of specific impulse
Some comments should be made on the calculation of specific impulse. It has been
noted in literature that some researchers in the micropropulsion community report the
value of specific impulse merely as a function of the average ion velocity, i.e. Isp = vi/g .
This definition of Isp is misleading because it ignores (1) the divergence of the plume, (2)
the effect of thruster geometry on the ion flux and (3) the emission of neutral particles
which do not contribute to thrust, but contribute to the fuel mass consumed. For VATs in
particular, this error can be significant due to the large amount of macroparticles ejected
from the cathode. The result is that Isp values for VATs are sometimes erroneously re-
ported to be within the range of 1000–3000s, when in fact true Isp values lie within 300–
600 s. Therefore, this work adopts the definition of specific impulse made by Polk et al.
(2008) (as seen in Equation 2.3), which correctly accounts for all the above-mentioned
issues.
2.3.2 Scope ofMeasurement
Outline
In order to construct the performance metrics listed above, a number of variables were
measured, namely thrust (T ), cathode mass loss (∆m), arc pulse length (tp), arc current
(I (t )), arc voltage (V (t )) and pulse frequency ( f ). In addition, microscopic imaging and
other thruster parameters such as the ion current density distribution (for characteris-
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ing the plasma jet’s shape) and ion current were also measured to complement thruster
studies. Due to resource and time constraints, detailed and adequate measurements of
ion energies, ion charge states and MP production could not be assessed in this study.
Thesemeasurements should bemade in futurework to add to the body of knowledge in-
troduced by this study. Some additional comments on specific parametermeasurements
are made below.
Thrustmeasurement
It was decided early on in the project that directmeasurement of thrust would provide far
more accurate and reliable results than relying on measurements of its four dependant
variables (CT , Ii , Z , vi ) to calculate thrust indirectly. Thus, only direct thrust measure-
ment methods were considered for this study. Measuring the progression of thrust over
time was also seen as an important element of VAT diagnosis and performance analysis.
Ion current density distributionmeasurement
Previous vacuum arc studies measured the peak ion currents signals captured by an ion
probe to determine the ion current density distribution (ICDD). However, there are some
weaknesses with this approach. For example, the physical properties of the ion detection
probe and its circuitry can produce distortions of the captured ion signal due to stray
capacitance and transmission effects due to the presence of grids in the probe. This
can introduce errors such that the ion current cannot be easily or correctly compared to
the arc current. One possible option to mitigate these errors is to instead consider the
charge of the collected ion signal. In this way, the problem of current signal distortions
is avoided.
To implement this approach, this work introduces a new dimensionless ion diagnostics
parameter called the ion-to-arc charge ratio, which is a ratio of the ion-to-arc current
pulse charge collected by an ion probe at a set distance from the thruster. One important
feature of this ratio is its constancy regardless of whether chargeQ , current I or current
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density J is being compared. This allows the results of this work to still be easily com-
pared to literature, which generally reports in terms of current or current density values.
In other words,
J¯ = Qi p
Q
≡ Ii p
I
≡ Ji p
J
(2.11)
where subscript i p refer to the ion current signal captured by the ion probe. The ion-
to-arc charge ratio J¯ is useful because any variation in arc current between individual
data samples within a test run is compensated for, greatly improving the accuracy of test
results. Another advantage of J¯ is that it allows ion production to be easily compared
across arc current levels, cathode materials and thruster designs for a given ion probe
and capture setup. However, individual information about ion charge states and ion cur-
rent cannot be made by measuring J¯ alone since both quantities affect the charge being
collected. Additional diagnostics tools will be required to measure these specific plasma
properties. It should also be noted that comparing different datasets of J¯ is only valid
provided the ICDD setup is identical (e.g. probe drift length, cathode material) for the
test cases involved.
2.3.3 General approach to data handling and presentation
Given the fluctuating and noisy behaviour of the vacuum arc, appropriate treatment of
the data is required to make fair representation and observation of thruster behaviour
and performance. This usually entails statistically sound strategies such as capturing
an acceptable number of test samples, quantifying the data and its distribution using
variables such as mean, median and standard deviation, and appropriate calculation
of data confidence bounds or uncertainties (Student’s t-distribution, Order Statistics,
Monte Carlo simulation).
Uncertainties
Unless otherwise stated, all uncertainties in this work for presented test data and results
are set to within 95% confidence bounds. Propagation of uncertainties from processed
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results towards higher-level parameters and metrics was generally dealt with by using
the variance formula below:
δD =
√(
∂D
∂X1
)2
δX 21 +
(
∂D
∂X2
)2
δX 22 + . . . (2.12)
where D = f (X1,X2, . . .), and δD, δX1, δX2, etc. are the uncertainties of their respective
measured variables.
Outliers
Outlier detection was only applied to select cases. For example, ICDD measurements
required data gathering from individual thruster firing shots, a few of which might sig-
nificantly fluctuate depending on the noisy behaviour of the vacuum arc pulse. In con-
trast, thrust measurements did not undergo outlier analysis because the test rig would
sample a grouped set of thrust firings and measure an averaged thrust result, which in-
herently smoothed out thrust outliers. Outlier detection and elimination was performed
with Peirce’s Criterion (Peirce 1852), a more rigorous tool than Chauvenet’s Criterion in
detecting and eliminating multiple outliers (Ross 2003).
Data consolidation and fitting
Summaries of data to produce representative values such as arc current, arc voltage or
average thrust was accomplished by using weighted averages based on the test duration
or total delivered arc charge of each sample over the entire relevant dataset. Uncertain-
ties of weighted-average values were determined by applying Student’s t-distribution
method across the dataset.
The linear least squares method was used to fit data to general trends and for fitting cali-
bration data inmeasurement systems such as the thrustmeasurement stand. Non-linear
least square fits for complex curve and surface fits (e.g. ICDD data) were accomplished
with numerical implementation of the Levenberg-Marquardt algorithm.
Chapter 3
Experimental apparatus & test setup
3.1 Introduction
This chapter provides descriptions of the development and performance of test facilities
(Section 3.2), thruster pulsed power circuits (Section 3.3) and thruster diagnostic tools
and equipment used in this work. Each section provides some background on the tool,
its function, design specifications and an assessment of its performance and ability to
accomplish this work’s study objectives. Major test equipment included the direct thrust
measurement stand (Section 3.4), FaradayCup probe (Section 3.5), two-axis rotation sys-
tem (Section 3.6), ion collector (Section 3.7) and erosion rate measurement technique
(Section 3.8).
All commissioning and experimental testingwasperformedat thenewly-builtWits Space
Propulsion Research laboratory at the School of Physics. The construction and consid-
erable upgrading of the laboratory and high-vacuum systems was accomplished under
collaboration with the staff at the School of Physics. Manufacturing of all thruster diag-
nostics systems was performed by the workshop of the School of Mechanical, Industrial
and Aeronautical Engineering.
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3.2 Vacuum chamber and high-vacuum pump system
All experimentation was performed in a stainless steel ring vacuum chamber with inter-
nal dimensions 760mmdiameter× 200mmheight and sealedwith a semi-hemispherical
lid. A mechanical hoist allowed for safe manipulation and access through the vacuum
lid. Anti-vibration pads and feet on the vacuum chamber and frame provided mechan-
ical isolation of the entire structure. VACOM multi-pin and high-voltage (HV) electri-
cal feedthroughs were fitted onto chamber ports to allow power and data signal trans-
fer. The pump system was comprised of a water-cooled oil diffusion pump (Leybold-
Heraeus) and a roughing pump (Alcatel 2012A). Contact between the chamber frameand
the roughing pump was minimized to avoid transfer of pump vibrations to the vacuum
chamber. Pressure readings were taken by a low-vacuum Edwards PK-10 Pirani gauge
(atm–10−3 mbar abs.) and a high-vacuumLeybold-Haraeus PM41 PenningGauge (10−2–
10−9 Torr). Although the vacuum chamber system was capable of achieving a baseline
pressure of 10−6 Torr, all testing in this work was performed between 1–5 ×10−5 Torr in
order to reduce turn-around times between tests.
Figure 3.1: Test ring vacuum chamber and high-vacuum pump system at the Wits Space Propul-
sion Research laboratory, School of Physics.
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Using kinetic theory, the mean free path of the air molecules in the chamber can be esti-
mated with
Lmf p =
kBTrp
2πd2p
(3.1)
where kB ≈ 1.3806×10−23 J/K is the Boltzmann constant, Tr is the temperature, d is the
diameter of the gas particles and p is the pressure. Assuming room temperature (300 K),
d ≈ 3×10−10 m for the air molecule size and p = 0.005 Pa ≈ 5×10−5 Torr, the mean free
path of air is roughly 2 m in length. Therefore, the vacuum levels at which tests were
performedwas deemed acceptable because themean free path of the air molecules was
much larger than the chamber dimensions at that pressure.
3.3 Pulsed power circuit
3.3.1 Description of circuit development and performance
Vacuum arc pulses were created in thruster prototypes by means of an inductive energy
storage circuit design based on Schein et al. (2002a). A schematic of the pulse circuit is
shown in Figure 3.2. A stack of standard laboratory power sources supplied an adjustable
DC voltage V1 of 20–180 V to the circuit. The pulse circuit operates by storing energy in
an inductor L1 and releasing that energy into the thruster at a desired firing rate. Using
a fast-acting Insulated-Gate Bipolar Transistor (IGBT) switch, the charging time of the
circuit could be controlled. At the desired arc current level, the switch opens, causing
a high-voltage potential (up to 1200 V) to form across the VAT in response to the fast
change in current flow across the inductor (V = L.d I/dt ). The HV pulse initiates the vac-
uum arc, causing arc current to flow out of the circuit and drive the VAT. During the arc,
the arc voltage regulates itself such that a conductive path for the current is maintained.
The arc current decays over time and extinguishes once it reaches a level too low for the
arc to sustain itself (also known as the chopping current level). The switch closes again
and the inductor charges up for the next pulse firing.
The pulse switching frequency and duration of the IGBT was controlled by a gate driver,
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Figure 3.2: Schematic of VAT baseline inductive pulse circuit with typical component specifica-
tions.
which received pulse signals from a pulse generator. VAT firing pulse trains of a few sec-
onds to several minutes were controlled by a Labview DAQ card computer interface sys-
tem. As illustrated in Figure 3.3, similarly triangular-shaped arc charging and discharge
profile were usually produced, which indicated relatively efficient energy transfer from
the circuit to the thruster. The height and length of the pulse profile could be adjusted by
a careful balance between the supply voltage, inductor size (one to several hundredmH)
and switching time of the IGBT. This provided some flexibility in the choice of peak arc
current and pulse length. The ∼40 W arc power limit of the pulse circuit was dictated by
the IGBT specification and inductor wire’s heat dissipation limit. However, it was found
that thruster parts made of UHMWPE material situated near the thruster head experi-
enced structural warping when exposed to arc power loads greater than 30 W. Conse-
quently, the VATs used in this work were typically fired at a maximum of 10–50 Hz for
short pulses and 1–10 Hz for long pulses in order to not exceed an average arc power of
30 W. Table 3.1 summarises the performance capabilities of the VAT pulse circuit.
Table 3.1: Range of VAT pulse circuit performance parameters
Parameter Min Max
Supply voltage (V) 20 180
Arc voltage (V) 10 120
Peak arc current (A) 5 100
Avg. arc current (A) 10 50
Pulse length (µs) 50 5000
Pulse frequency (Hz) 1 50
Avg. arc power (W) 0.01 30
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Figure 3.3: Typical arc current and arc voltage pulse waveforms measured at the pulse circuit
output (shown here filtered and averaged over 20 samples). In this example, an iron cathode was
used. Pulse charging occurs at time t < 0 µs; arc initiation occurs at t = 0 µs and the arc discharge
occurs at t > 0 µs.
Figure 3.4: Photograph of Mark I and II VAT inductive energy storage pulsed power circuits.
Two versions of the VAT pulsed power circuit were built and used throughout this study
as shown by Figure 3.4. The first design (Mark I), with a mass of roughly 400 g, was con-
servatively sized and can operate at supply voltages of up to 350 V. The second design
(Mark II) was a revision over the Mark I, both in terms of size (one-third the volume of
Mark I) andmass (∼ 200 g), but has a lower supply voltage limit (200 V). Both circuits had
the same peak arc current capacity since they both used the samemodel of IGBT switch.
Large ferrite cores were used in the construction of the inductors. Further investigation
later in the project showed that a more efficient HI-FLUX powder core could be used in-
stead to greatly reduce the inductor’s size and weight. The improved inductor core also
reduced the inductance required by the circuit and the circuit resistance (lowering the in-
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put supply voltage levels needed and thus improving circuit power efficiency). However,
it was difficult to reproduce arc pulses of the desired triangular shape and long pulse du-
rations with the more efficient inductor cores. Thus, for the scope of this study, the less
efficient ferrite cores were chosen for their ability to produce desirable arc pulse char-
acteristics. Further detailed analysis and design improvements to the pulse circuit are
required to address these performance issues and trade-offs within the VAT pulse circuit
design.
3.3.2 Arc pulse waveforms
Data capture
Circuit diagnostics included a 100:1 capacitive voltage divider for monitoring voltage
across the IGBT as well as a LEM hall current transducer (≥ ±160 A, DC–200 kHz band-
width) for monitoring current through the inductor. The installation locations of these
sensors are shown in Figure 3.2. Converted sensor voltage signalswere subsequently sent
to twohigh-speed digital oscilloscopes (ISO-TECH IDS 8064, 60MHz 1Gs/s) for real-time
monitoring and test data capture of repetitively-fired arc pulses.
Due to the noisy nature of the vacuum arc, two filtering stages were applied to the sets of
arc current, arc voltage and ion current data:
1. An analoguefirst-order lowpassRCfilterwith a cut-off frequencyof roughly 0.5MHz
was installed at the arc current transducer’s signal output.
2. A digital second-order Butterworth low-pass filter with a cut-off frequency of 6.25–
62.50 kHz (depending on the sampling rate) was further applied to each current,
voltage and ion waveform sample to further smooth noisy arc data and reject elec-
tromagnetic interference (EMI) noise bursts present at the start and end of each
arc pulse.
An automated data collection and archiving program (process flow chart in Figure 3.5)
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was developed in LABVIEW to capture and organise data from the oscilloscopes. The
sampling rate of waveformdatawas adjusted from a few hundredmilliseconds to several
seconds between samples, depending on test conditions. Although sample sizes of 15–30
waveformswere typically used for most test runs, up to 100–300 waveform samples were
captured and stored for some erosion rate tests. Used in conjunction with an additional
control program, features such as timed remote firing of the thruster, automated data
file organization and saving of input test parameters could be accomplished. Command
signals were sent from the user’s PC to a National Instruments data acquisition module
(NI USB-6009), which delivered a voltage trigger signal to the pulse generator to charge
and fire the VAT as desired. Presently, the VAT test and control system requires manual
setting of the pulse firing frequency on the pulse generator.
Data capture core system
Capture waveform signals
(arc current, arc voltage and ion current)
Time delay
(1–10 secs)
Reached
sample
number?
User inputs
Test parameters
File names & directories
Hardware I/O ports
System
start
System
terminate
Thruster
firing signal
TARS position
(default: 0,0)
Data save & storage
Display waveforms
Output
Elapsed test time
Optional:
external control
Externally controlled
N
Y
Figure 3.5: Process flow chart of automated LABVIEW data capture control system
Data processing, reduction and analysis
Once the captured raw data was filtered, further waveform processing was performed in
MATLAB to convert data into a usable format and extract key parameters for each pulse
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waveform sample:
1. Peak arc (discharge) current (I peak), i.e. the maximum arc current at the begin-
ning of the arc pulse.
2. Arc pulse length (tp), i.e. the time duration of the arc pulse from initiation to ter-
mination. Arc termination is assumed to occur when the arc current decays down
to 1% of its initial peak value.
3. Average (or mean) arc (discharge) current (I ), i.e. the arc current value averaged
over the arc duration (arc pulse length).
4. Mean arc discharge voltage (V ), i.e. the arc voltage value averaged over the arc
pulse length.
5. Ion-to-arc charge ratio ( J¯ ), i.e. the ratio of the collected ion and arc current over
the arc pulse length, i.e. ratio of current-time integrals.
Examples of a typical set of arc current, arc voltage and ion current sampled traces are
shown in Figures 3.6 and 3.7 respectively. Current and voltage traces showed consid-
erable fluctuations due to the present limitations of the pulse circuit and arc triggering
method to produce and control vacuumarc pulses (explained in further detail below). To
address this, statistical treatment of arc waveform data was used to extract meaningful
arc properties and quantify the effect of fluctuations on data accuracy.
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Figure 3.6: Typical waveform traces of captured (a) arc current and (b) arc voltage (peaks beyond
1 ms indicate arc termination). In this example, a Bi cathode was used (50 A peak arc current,
2138 µs median pulse length, 75 sampled traces).
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Figure 3.7: Typical waveform traces of captured (a) ion current and corresponding (b) arc current.
In this example, a Fe cathode was used (50 A peak arc current, 529 µs median pulse length, 20
sampled traces).
Statistical analysis of arc waveform sampled traces within a typical test run or test set
(such as in Figures 3.6 or 3.7) revealed that most parameters could be loosely consid-
ered to fit a Normal distribution, that is, a random spread of data (see dataset examples
taken at long and short pulses in Figures 3.8–3.11 respectively). However, many of the
plots do not show a good fit at their extreme values. A particular note is made of the arc
pulse length tested at short pulses (Figure 3.9), which appeared to fit a Normal distribu-
tion rather poorly. Further investigation revealed that the arc pulse length distribution
could be better fit to a Log-Normal distribution instead (seen under a Box-Cox transfor-
mation of pulse length data as shown in the example of Figure 3.10). A comparison of
transformed pulse length data to a Normal distribution (mean µ = 5.5, standard devia-
tionσ = 0.8 in this example) using theMann-Whitney-U test verified that the Log-normal
distribution gave a reasonable fit at Pr ≈ 0.78–0.99.
There are at least two reasons for the non-Normal behaviour of the arc pulse length as
well as other arc parameters such as the arc voltage in some cases. The first reason is that
these parameters have a natural limit of zero, causing their distributions to be skewed
towards positive values. The second (andmore influential) reason relates to the inherent
nature of the vacuum arc, where each arc initiation and cathode spot event produces an
irreversible change to the local conditions of the interelectrode region and cathode sur-
face. This in turn has an influence on the formation of subsequent arcing events. Thus,
the “memory” of the interelectrode region and cathode surface causes each vacuum arc
pulse to never be independent of previous pulses. Test observations indicated that, when
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Figure 3.8: Normal probability plots for processed results of average arc current, average arc volt-
age and arc pulse length. In this example, a Bi cathode was used (50 A peak arc current, 2138 µs
median pulse length, 75 sampled traces).
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Figure 3.9: Normal probability plots for processed results of average arc current, average arc volt-
age and arc pulse length. In this example, an Al cathode was used (50 A peak arc current, 233 µs
median pulse length, 175 sampled traces).
left to their own natural formation, arc parameters such as pulse length were most vis-
ibly affected by this characteristic of the vacuum arc and were therefore required to be
handled in a statistical manner different to truly random behaviour because of it.
Based on these findings, all waveform parameters within this study were aggregated and
statistically treated in a non-parametricmanner (that is, independent of statistical distri-
bution) by using themedian of all the parameters. This was considered an overall more
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Figure 3.10: Histograms of untransformed and Box-Cox transformed pulse length data from Fig-
ure 3.9. Probability plot shows that transformed data is well fit to a Log-Normal distribution.
conservative and robust method of determining representative or more likely values of
arc pulse properties rather thanmerely using themean value. Order Statistics were then
used to estimate 95% confidence upper and lower bounds for all waveform parameters.
An exception was made for ion-to-arc charge ratio data, which was able to take into ac-
count the noisy fluctuations of vacuum arc behaviour. This occurs because any tempo-
ral variation in plasma production at the thruster source is detected by the ion detection
probe. Thus, the ion-to-arc current ratio, by its own definition, effectively “cancels out”
fluctuations in ion production from the final result. This is demonstrated by J¯ ’s excel-
lent probability plot fit to a Normal distribution in the example of Figure 3.11. Therefore,
ion-to-arc charge ratio data in this study was treated as Normally distributed. Confi-
dence bounds on aggregated sample data were obtained using Student’s t-distribution
method.
It is important to note that the resulting confidence bounds (uncertainties) calculated
for various arc pulse parameters as outlined here are indicative of arc stability for a given
set of captured arc pulse data. By propagating these uncertainties over to thruster per-
formance parameters such as T /I , T /P , J¯ ,CT and Er , the effect of arc stability on the un-
certainty within final thruster performance results can be confidently and conveniently
expressed.
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Figure 3.11: Normal probability plot for processed results of ion-to-arc charge ratio. In this ex-
ample, a Fe cathode was used (50 A peak arc current, 529 µs median pulse length, 20 samples).
3.4 Direct thrust measurement stand
3.4.1 Background
Thrust from plasma thrusters can be measured with two kinds of approach: (1) indirect,
or (2) direct measurement. The indirect approach (Gessini et al. 2007, Grubišic´ & Gabriel
2010) is generally simpler to implement and is used where the thruster or propulsion
system is large in size ormass. The thruster remains fixed to the test chamber and thrusts
against a freely-moving capture apparatus or impingement plate. Indirect techniques
are very sensitive to small thrust forces, but must be carefully designed to ensure that as
much of the ejected particles are captured by the plate and are not reflected off, giving
incorrect thrust results. In addition, knowledge of the thrust plume’s spatial distribution
is required to correctly resolve the thrust.
The direct measurement approach (Ziemer 2001, Polzin et al. 2006, Xu &Walker 2009) is
more desirable froman accuracy point of view since knowledge of the plumedistribution
and its interaction with the test rig is not required. However, direct thrust measurement
systems are more complex to design and build. The deflections experienced by direct
systems are generally much smaller than indirect systems due to the greater inertia that
must be displaced, hence thrusters need to be as small and light as practically possible
to maximise the measurement resolution of the system.
CHAPTER 3. EXPERIMENTAL APPARATUS & TEST SETUP 47
Themost commonmeansof direct impulse bitmeasurement frompulsedmicro-thrusters
has been to resolve thruster firings with a pendulummechanism that can detect rig dis-
placements at the micron or sub-micron level. The most challenging aspects of a direct
thrust stand design are: (1) the use of a low-stiffness pendulum joint, (2) the use of high-
resolution displacement sensors, (3) the elimination orminimization of friction, hystere-
sis and external disturbances, (4) operating in a high-vacuum environment (10−5 Torr or
greater) of limited size, and (5) operating in the presence of electromagnetic noise gen-
erated by the micro-thrusters under study (Sovey et al. 1989). A number of alternative
design and measurement techniques have been explored by the propulsion community
to avoid or address the need to measure increasingly smaller impulse bits with greater
sensitivity down to the sub-µNs range; for example, firing several pulses to create an
equivalent single larger impulse (Ziemer 2001), the use of amplifying lever arms (Polzin
et al. 2006), firing at the stand’s resonant frequency (Lake et al. 2003) and using laser
interferometry (Cubbin et al. 1997, Canuto & Rolino 2004).
Established thrust stand design elements include the flexural pivots, magnetic dampers
andµmtonm-resolutiondisplacement sensors (capacitive, magnetic, optical, etc.). How-
ever, it is still technically challenging to implement stable, reliable and accurateµN-level
force calibration that is also simple. Many calibration techniques such as gas calibra-
tion (Selden & Ketsdever 2003), electrostatic combs (Selden & Ketsdever 2003, Pancotti
et al. 2012), impact hammers (Ziemer 2001, Koizumi et al. 2004) andmagnetic solenoids
(Rocca et al. 2006) are either complex to design, manufacture and handle, require exten-
sive and highly accurate support equipment or rely on numerical simulation for opera-
tion and characterization.
The ability to transfer power and data signals to and from the thrust stand with minimal
stiffness, friction or hysteresis has also remained a persistent challenge. Many thrust
stands use thin wires for power transfer, but the presence of the wires introduces pos-
sible errors from thermal expansion due to joule heating, plastic deformation and the
presence of added stiffness to the overall system.
CHAPTER 3. EXPERIMENTAL APPARATUS & TEST SETUP 48
3.4.2 Thrust stand description
The stand that was developed for this work is shown in Figure 3.12 and is based on
the torsional pendulum concept used by a number of authors (Ziemer 2001, Gamero-
Castaño 2003, Koizumi et al. 2004, D’Souza & Ketsdever 2005). A thruster is fixed on a
mounting assembly at one end of a 600 mm long beam, which is centrally pivoted about
the vertical axis by two hinges above and below the beam. To reduce weight, the beam is
made of aluminium. An adjustable counterweight is installed at the other beam end to
ensure the beam undergoes as pure a horizontal rotation as possible. When the thruster
fires, the beam undergoes a small rotational displacement. The thrust stand is designed
to accommodate thrusters up to a maximum total mass of 10 kg (with a 10 kg counter-
weight).
Thrustmeasurement approach
A new operating technique for measuring impulsive thrust developed by Wong et al.
(2012) was adopted in this work, where thrust pulses are fired repeatedly at a set fre-
quency. Initially, the displacement response is similar to that for a single-fired impulse
and appears chaotic, but the displacement quickly stabilizes to a constant value. It was
found that this stable displacement is linearly proportional to the average impulse bit
delivered to the thrust stand. For a pulse micro-thruster like the VAT, this is controlled by
pulse frequency and pulsed thrust level.
The advantages of this method are: (1) the thruster can be tested over a wide range of
pulse frequencies; (2) the variability of average thrust production over long operating
times can be measured; (3) the method is immune to the displaced beam’s initial con-
ditions prior to the thruster firing; (4) the relatively stable displacement voltage signal is
inherently easier to measure to a high sensitivity compared to a dynamic signal. How-
ever, this measurement technique is unable to quantify any pulse-by-pulse variation of
impulse bits during a single firing sequence and only considers average thrust produc-
tion.
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Figure 3.12: Thrust stand: (a) Overall schematic, (b) Electrostatic calibration system (ECS) with
5 degree of freedom linear positioning system, (c) Experimental test setup inside the vacuum
chamber
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Friction elimination/minimization
The beam hinges consist of two flexural pivots (Riverhawk model 5016-800), which pro-
vide a low-stiffness frictionless hinge solution that can operate (within a safe limited an-
gle range of ±2◦) without lubrication in vacuum for an unlimited lifetime.
Stiffness, friction and hysteresis from power cabling was successfully eliminated by the
use of liquid metal pots, which act as an interface between the freely moving and static
portions of the thrust stand. This solution was based on the work of Polzin et al. (2006),
which used liquid gallium pots to transfer power to their stand for mN-level force mea-
surement. Gallium is well suited to this application as it exists in liquid form at room
temperature, is less toxic compared to Mercury, and has a very low vapour pressure.
This work demonstrates for the first time that the liquid metal pot interface can be suc-
cessfully implemented in the µN force and µm displacement operating regime of thrust
stands.
Liquid
gallium
pots
Copper wire
contacts
UHMW-PE
housing
Figure 3.13: Detailed view of gallium pot power interface as installed on thrust stand. The inter-
face can currently support up to a total of nine (9) power and/or data conduits.
A damper is usually added to provide non-contact damping of the beam due to distur-
bances or impulse firing of the thruster in a frictionless environment (e.g. see Polzin et al.
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(2006)). The damper may be passive (permanent magnets) or active (electromagnets),
where a control system can be used to increase damping effectiveness. For simplicity,
a passive damper made of six 20 × 10 × 5 mm rare-earth neodymium magnets was in-
stalled at a fixed point under the beam with a 2 mm gap between the magnets. The 20
mmwide, 0.9mm thick copper plate damps themotion of the beam as it passes between
the magnets due to eddy-current formation within the plate. These eddy currents pro-
duce an opposing magnetic force to the magnets which counteracts the plate’s motion
and converts kinetic energy into thermal energy. Care was taken to produce a sufficiently
under-damped response that allows for a reasonably short settling timewithout reducing
the amount of displacement. In a typical test, the beam was observed to have a natural
frequency of ωn = 0.2–0.26 Hz, a damping coefficient of ζ≈ 0.27 and an initial response
rise time of 1.5–2 s to the application of a steady-state force.
Instrumentation
Linear Variable Differential Transformer (LDVT) sensors are often used as displacement
measurement sensors due to their high-resolution (≤ 1 µm) and reasonable cost (Ziemer
2001, Koizumi et al. 2004, Pancotti et al. 2012). However, optical fibre sensors also have
successfully demonstrated use due to their immunity to EMI, e.g. see Gamero-Castaño
(2003). For this project, the beam end displacement wasmeasured by a Philtec D63 fibre
optic displacement sensor which remained fixed to the vacuum chamber. The sensor
probe operates by emitting an infra-red laser beam from its tip, which reflects off a small
target on the beam end. The sensor unit outputs a voltage signal between 0–5 V depend-
ing on the target’s reflectivity and the gap distance between the target and the sensor tip.
For greatest sensitivity, the target wasmade of aluminium foil (∼80% reflectivity) and the
gap distance set between 0.1–0.3 mm, that is, within the linear operating range of the
sensor. The displacement sensor is immune to EMI, compatible with high-vacuum and
capable of resolving displacements as low as 0.4 µm with a sensitivity of 2.75 mV/µm.
The sensor voltage output was sent to a National Instruments 14-bit Data Acquisition
Module (NI USB-6009) for data capture. All displacement data (uncertainty of ±1 mV)
was sampled at a sufficiently high sample rate of 300 Hz and smoothed with a low-pass
filter of 2.5 Hz, which is roughly an order of magnitude larger than the beam’s natural
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frequency (safely meets Nyquist sampling limit). Filtering is done in order to mitigate
sensor noise and possible EMI from the thruster. In this way, the beam’s response was
sufficiently captured and suitably processed for displacement analysis.
Calibration system
Calibration of the thrust stand is performed using an Electrostatic Calibration System
(ECS) similar to that of Gamero-Castaño (2003). Two 70mmdiameter flat polished stain-
less steel discs are positioned in close proximity to one another and an electrostatic force
is generated by creating a known potential difference between the discs. The advantages
of this method are that (1) a non-contact force can be applied to the thrust stand; (2)
the production of the electrostatic force can be controlled from a remote location; (3) a
wide range (µN’s to mN’s) of forces can be applied; and (4) once prepared correctly, the
calibration procedure can be performed under vacuum conditions just prior to thruster
testing.
For the ECS to function correctly, however, its two discs need to be accurately and reliably
positioned for consistent calibration. This required a five-degree of freedom (5 DOF) lin-
ear positioning system that was designed and built to accurately align a stationary disc,
to its twin which is attached to the freely-rotating beam (see Figure 3.12c). The X, Y and Z
position of the fixed disc is controlled by a custom-designed spring-loaded micrometer-
actuated linear stage system, and the disc’s pitch and yaw is adjusted by three circularly-
positioned micrometers on an L-bracket. The ECS system has a positional accuracy of
±10 microns for each axis and a disc angular tolerance of ±0.009◦.
3.4.3 Analytical model and analysis of beam response
The displacement response of the thrust stand can be described analytically based on
the derivation of the linear displacement response of an under-damped pendulum to
a repetitive impulsive force (Wong et al. 2012). Converting the response to an angular
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displacement results in the following equation:
θ(t )= x(t )
ra
=
N∑
i=0
[
I¯bi t ra
Imωnδ
exp{−ωnζτ}sin{ωnδτ}
]
Hoτ
+θ(0)exp(−ωn tζ)
[−ζsin(ωn tδ)
δ
+cos(ωn tδ)
]
+
[
θ˙(0)+2θ(0)ωnζ
ωnδ
]
exp(−ωn tζ)sin(ωn tδ) (3.2)
where
δ =
√
1−ζ2
τ = t − i
f
and θ(t ) and x(t ) are the angular and linear displacement as a function of time t re-
spectively, ra is the moment arm from the thruster to the pivot hinge, I¯bi t is the average
impulse bit, Im is the effective rotating system’s moment of inertia, ωn is the natural fre-
quency of the system, ζ is the damping coefficient (ζ< 1), f is the pulsing frequency, N
is the total pulse number, x(0) and x˙(0) are the system’s initial displacement and velocity
and Ho is the Heavyside step function. Equation 3.2 is capable of modelling the system’s
response to an arbitrary number of repetitive pulses, including a single pulse (N = 1).
The average impulse bit and force from the thruster are found using:
I¯bi t = T t¯p (3.3)
F¯ = I¯bi t f = F t¯p f (3.4)
where F and t¯p is the pulsed thrust and pulse duration.
The natural frequency of the thrust stand beam is defined as
ωn =
√
ke f f
M
(3.5)
where ke f f is the effective stiffness of the system andM is the systemmass.
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During quasi-steady state, the beam displacement follows Hooke’s Law such that
F¯ = ke f f xs (3.6)
where xs the steady-state displacement response of the beam to a repetitively-pulsed
force.
Thus, the pulsed force produced by a thruster is found using a combined expression of
Equations 3.4 and 3.6:
F =
ke f f xs
t¯p f
(3.7)
Equation 3.2 shows that a smaller ωn and M will result in a larger beam displacement.
Hence, a thrust stand should be designed to have as low a stiffness andmoment of inertia
as practically possible based on Equations 3.5 and 3.7.
0 5 10 15 20 25
−5
0
5
10
15
D
is
pl
ac
em
en
t (µ
m
)
Time (s)
 
 
Measured
Analytical
VAT pulse:
F = 5.2 mN
tp = 672 µs, f = 10.1 Hz
Beam:
f
n
 = 0.26 Hz, ζ = 0.27
Figure 3.14: Typical beam displacement response to a 12.5 s long repetitively-pulsed thrust firing
from a VAT with an iron cathode. A comparison of the measured and analytical beam response
shows good agreement. Value of xs is found by measuring the average displacement several sec-
onds after initial thruster firing or start-up.
Comparison with a sample experimental measurement as shown in Figure 3.14 demon-
strates relatively good agreement between measured displacement data and Equation
3.2 for the calculated beam properties.
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Based on test observations, a recommended minimum thrust firing duration of at least
12 s (15–20 s preferred) was found to produce an acceptably stable displacement mea-
surement of xs , which was determined by averaging the steady state response of the
beam. A similar amount of waiting time was also used in calibration-related activities
to allow sufficient time for the system beam response to stabilise.
3.4.4 Commissioning and quantifying thrust accuracy
Thrust calibration takes into account the physical and dynamic characteristics of the
beam, calibration, and sensor systems. These system characteristics will differ slightly
whenever a new thruster design ismounted onto the thrust stand for testing or when any
part of the thrust stand system is moved or modified. Thus, whenever testing a thruster
design in a new configuration, a calibration procedure must be undertaken. Before cal-
ibration, a disc alignment exercise was performed, where the fixed disc was manually
aligned parallel to the free disc and then positioned at a set gap distance. The gap dis-
tance was defined as the average distance between the two discs. To generate an electro-
static force on the beam, the fixed disc was charged to a steady electric potential using
a stack of standard laboratory power supplies, whilst the free disc was connected to the
grounded thrust stand. A range of electrostatic forces was generated and the displace-
ment response of the beam recorded. A typical set of results is shown in Figure 3.15 over
the 0–30 µm range.
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Figure 3.15: Typical calibration result showing relationship between beam displacement and the
applied force on the beam
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The calibration procedure was shown to be of sufficiently high accuracy and no hystere-
sis was observedwhen removing the calibration loads. A linear least squaresmethodwas
used to fit a curve through the data, revealing the linear relationship between force and
displacement (in this example, see Figure 3.15 where F = 6.14xs , R2 = 0.9986). This re-
sult verifies that the thrust stand behaves consistently and correctly as a spring element
of predictable stiffness. The force-displacement expression was then used to directly re-
late the average force on the beam to the deflection measured by the displacement sen-
sor. In this work, the thrust stand spring stiffness typically ranged from ke f f = 4–7 N/m
depending on beam loading.
Before the thrust stand can be implemented, however, the accuracy of the ECS system
needs to be characterised. The three main sources of error in the system that are ex-
pected are: (1) the accuracy ofmeasuring and applying the calibration loads, (2) changes
in the plate gap when larger electrostatic forces are applied, and (3) the accuracy and
repeatability of aligning the ECS discs to one another. Assessment and verification tests
for these system errors is described below.
Accuracy of ECS force generation
To calibrate and verify the accuracy of the electrostatic force generated by the ECS sys-
tem, the beam’s position at zero load (neutral or null position) was recorded. Based on
work by Lafleur (2007), a set of small calibrationmasses (m = 25–250±0.1 mg) were then
hung via a thin thread arrangement as shown in Figure 3.16 so as to apply a load to the
thrust stand beam along the line of action of the thruster. Friction is eliminated from the
setup through the use of Lami’s theorem, where the horizontal force acting on the beam
is
F1 =mg cot(θ) (3.8)
and θ is the angle between thread F2 to the horizontal (between roughly 50
◦–70◦ in this
work) and g = 9.786 is the gravitational acceleration constant of the local test facilities.
This expression holds true provided changes in θ are very small, which is the case here.
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Measurements of θ were taken with a digital level meter (user error accuracy of ±0.5◦).
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Thrust stand
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stand
beam
Hanging mass
(a)                                                                            (b)
Figure 3.16: (a) Schematic force diagram and (b) photograph of calibration setup verifying ECS
force generation.
An electrostatic force Fecs was then applied to bring the beam back to its null position,
exactly balancing the load due to the calibrationmass. This ensured that the desired gap
between the discs remained constant throughout the calibration process. The electro-
static force between the two finite circular discs can be theoretically described by:
Fecs,th =
ǫ0AV
2
ecs
2s2
(
1+ 2s
d
)
(3.9)
where ǫ0 is the permittivity of free space, A is the disc area, Vecs is the voltage, s is the
spacing between the plates and d is the plate diameter. Figure 3.17 shows the results of
the ECS force generation tests in comparison to the predicted force for a desired plate
gap of s = 2 mm.
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Figure 3.17: Comparison of theoretical electrostatic force and force generated by the ECS system
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Applying a quadratic curve fit across all test data results in the following relationship
between the voltage applied and the force generated by the ECS:
Fecs = aV 2ecs (3.10)
where coefficient a = 4.2±0.045×10−3 N/V2. For the ECS parameters used in this test,
the theoretical electrostatic force can be shown to bear the following relation to the volt-
age: Fecs,th = 4.5±0.044×10−3V 2ecs . Thus, the force deviation from the theoretical case
is just over 7%. For the initial runs (Test 1) the force generated by the ECS system was
slightly less than predicted by the theoretical model (Equation 3.9). Test runs (Test 2)
were repeated at a different thread angle, after realignment of the ECS and produced
similar results as shown in Figure 3.17. Another calibration exercise was repeated a year
later and still produced a coefficient of a = 4.2±0.065×10−3 N/V2, demonstrating the ex-
cellent long-term stability of the measurement and calibration systems. This confirmed
that the calibration system is highly accurate and repeatable, and that the deviation from
the theoretical model was an inherent characteristic of the ECS. Themost likely cause of
this deviation was found to be slight misalignment of the discs within their respective
plastic housings, which produced a greater gap than expected depending on the disc’s
roll position. Hence, changes to the disc’s roll position were avoided once the ECS was
calibrated tomaintain reliable force generation.
Accuracy of ECS Plate Gap
When steady electrostatic forces are applied by the ECS for calibrating a thrust test, the
displacement of the beam will cause the plate gap to become smaller. This will have
the effect of slightly amplifying the force generated. Analysis of Equation 3.9 reveals that
the force error grows by an estimated 0.097% per 1 µm of gap reduction for small dis-
placements. Thus, over the 0–40µm displacement range, the error due to the plate gap
increases from 0% to 3.8% of the force applied.
CHAPTER 3. EXPERIMENTAL APPARATUS & TEST SETUP 59
Accuracy of ECSDisc Alignment
ECS disc alignment accuracy was assessed by hanging a single ∼340 mg mass on the
thrust stand beam. An electrostatic potential was applied to the discs such that the static
mass load was cancelled out and the beam was in the null position. A plate gap of s =
2 mm was chosen for this and all subsequent tests to limit plate edge effects, whilst still
keeping the uncertainty of the gap distance small (≈0.5%). The load test was repeated
n = 10 times where the load was re-hung, and the ECS realigned from an initial position
each time. Thus, the variability of the sampled voltages takes into account all system
uncertainties and variability within the preparation of each test run. To minimize the
effect of the displacement sensor’s resolution on the results, a relatively large mass and
hence a large electrostatic potential was chosen for this exercise.
A Goodness of fit test indicated that the voltage data had a good fit to a normal distribu-
tion (mean Vecs = 772 V, std dev. σ = 13 V, Chi-square test Pr = 0.63–0.99). Based on the
assumption of a normal distribution and using Student’s t-distribution, it can be shown
that the uncertainty of the applied voltage is ∆V = tσ/pn, where n is the number of
alignment runs. For t = 3.25 (99% confidence) and n = 10, the result is∆V = 13.4 V. Hence
it can be shown that the applied voltage uncertainty, which represents the accuracy of
ECS disc alignment is 1.7% with 99% confidence level. An additional alignment test a
year later demonstrated an ECS alignment error as low as 1.1 % at the same confidence
level. This result further verifies the repeatability and reliability of the ECS positioning
system.
3.4.5 Final thrust stand performance
Based on system resolution limits and verification tests performed, the thrust stand force
error due to different sources over the 0–40 µm displacement range is summarized in
Figure 3.18. The interpretation of this analysis is that the thrust stand accuracy is dom-
inated by the resolution limit of the displacement sensor output signal in the 4–20 µm
displacement range (2–10% error). Above 20 µm, the ECS plate gap error dominates in
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Figure 3.18: Comparison of sources of thrust error over the 0–40 µm displacement range trun-
cated to a maximum error limit of 10%.
the 20–40 µm range (2–3.8% error). Thus, the optimal range of thrust measurement ac-
curacy occurs between 15–25 µmof beam displacement. The thrust stand error analysis
also shows that the error due to ECS disc misalignment and force generation does not
play a significant role in the final thrust error in the present thrust stand configuration.
3.4.6 Design and performance summary
The ECS system and in situ calibration method in this work has demonstrated a number
of attractive features, namely that (1) the force generated can be adequately predicted
by a simple analytical description of the electrostatic force without the need for an elec-
tromagnetic simulation model, (2) electrostatic forces can be regularly and accurately
verified by calibration masses whilst keeping the test-rig intact, (3) an impulsive excita-
tion from a pulse circuit is not required to calibrate the stand for pulsed thrust, and (4)
the ECS system is stable over a long period of time.The disc gap error which was of previ-
ous concern (Selden & Ketsdever 2003) with regards to the electrostatic disc calibration
technique was demonstrated to not play as significant a role in the total error, provided
deflections were not too large. However, the error due to the electrostatic disc gap in
the ECS system at larger displacements can be eliminated by replacing the calibration
discs with an electrostatic comb system (Pancotti et al. 2012) instead. However, there is
the trade-off of greater manufacturing and handling complexity of the electrostatic fin
arrangement.
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The possible range of impulse bits that the present thrust stand setup is capable of re-
solving can be estimated using the above error limits. Based on a 10% error limit, the
minimum and maximum displacement that can be measured is 4–100 µm. This trans-
lates to an average force of 27–600 µN. Assuming thruster pulse limits of 1–100 Hz, the
measurable impulse bit range is thus 0.27–600 µNs, which covers four orders of magni-
tude.
These performance results compare favourably with other previously mentioned stands
in literature (Gamero-Castaño 2003, Koizumi et al. 2004). However, the stand’s sensitivity
was intentionally limited from a practical implementation point of view taking into ac-
count the size of the test chamber, the cost of the displacement sensor, and EMI genera-
tion from the VAT. The chosen design solution favours simple calibration, operation, and
maintenance. The flexural pivots’ stiffness, fibre-optic displacement sensor’s resolution
and the short beam arm length are the main limiting factors to thrust sensitivity. This
could be addressed by (1) installing pivots of lower stiffness value, which will improve
sensitivity at the cost of lower load limits; (2) upgrading the sensor, which will improve
sensitivity at the lower range of displacements; and (3) optimizing the beam by reducing
its mass to reduce system inertia and further increase sensitivity. Care should be taken
that the resulting increase in the natural frequency of the stand should not be too close
to the tested thruster’s operating pulse frequency to avoid resonance effects.
3.5 Faraday cup probe
3.5.1 Background
Ionmeasurements are an important diagnostic tool for characterization of plasma sources.
Depending on the study, a variety of diagnostic probes can be used to measure specific
plasma properties such as the amount and rate at which ions are produced (Faraday
probe), ion energies (Retarding Field Energy Analyser), charge state distribution of the
ions (Mass Spectrum Analyser) and electron properties (Langmuir probe).
CHAPTER 3. EXPERIMENTAL APPARATUS & TEST SETUP 62
Ion current or the ion flow rate is commonly measured with a Faraday probe (plate, cup
or gridded form). The probe consists of an ion collector that is impacted by incoming
positive ions and becomes charged as a result. In response, electrons flow fromground to
the collector to exactly neutralize the charge imbalance. This current flow can be deter-
mined by measuring the voltage drop across a terminating resistor positioned between
the probe and ground, hence capturing the ion current impacting the probe collector.
It is important to note that only a partial amount of the total ion current emitted by the
thruster is measured by the probe due to the limited surface or orifice area of the probe
collector. Hence, results may be presented as ion current densities (A/m2), which ac-
knowledges the presence of this finite area. Probe surface area also determines the spa-
tial resolution of the current density, where a larger probe area produces smoother ion
current density data.
One feature of vacuum arc plasmas is that the ion charge states and velocities approach
stable values soon after leaving the cathode surface (≤ 1mm travel distance) as described
by Anders (1997) and Weickert (1987). Used together with measurements of ion current
density, these ion properties can be used to find the particle density of the plasma and
observe how it decreases over distance as the jet travels further away from the thruster.
Indeed, Anders (2008) reports that during plasma expansion, a quadratic drop in plasma
density along the normal direction occurs and can be described by the following empir-
ical expression:
np =C
I
z2
(3.11)
where np is the plasma particle density,C is a constant depending on the cathodemate-
rial (∼ 1013 (Am)−1 for copper), I is the discharge arc current and z is the normal distance
(or drift length) from the vacuum arc source in space.
One advantage of measuring ion flow with a Faraday Cup (FC) probe is that the ion cur-
rent coming off the thruster at different ejection angles can bemeasured by adjusting the
orientation of the FC probe with respect to the thruster head (Sekerak 2005). Combin-
ing this set of data gives a measure of the ion current density distribution (ICDD). This
ion distribution is important because of its direct relation to the thrust plume distribu-
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tion; given that the ions contribute most, if not all of the thrust. Therefore, the ICDD
provides knowledge of the shape of the thrust-producing jet and how it affects thruster
performance.
FCprobes canbeused tofind themost likely ion velocity using theTime-of-Flightmethod.
This is achieved by measuring the peak-to-peak delay in ion signal from when the arc
discharge is created to when the plasma is detected by a probe, a set distance away. Var-
ious forms of this technique have been used in both vacuum arc science (Anders 1998,
Yushkov et al. 2000, Anders & Yushkov 2002b) and VAT studies (Sekerak 2005, Zhuang
et al. 2009).
The FC probe alone is unable to distinguish between different ion species. Instead, a
mass spectrum analyser is commonly used to separate the different ion components in
order to find the ion charge state distribution, e.g. see Bugaev et al. (2000). Alternatively,
an electrostatic ion acceleration grid system was developed by Brown et al. (1987) to ac-
celerate different ion species present in the vacuum arc plasma to different velocities.
After a long drift length, the individual ion species would arrive at an FC probe at suffi-
ciently varied times, stratifying the ion charge state distribution (CSD) into its respective
components. However, this system required a complex set of fast gates and ion optics to
control and focus the plasma jet towards the FC probe as well as a large chamber size to
achieve a long ion drift length.
3.5.2 Probe description
A FC probe with a cup design was developed and built to measure the ion current in the
plasma jet emitted from the thruster. The current flow produced by incoming ions is
measured by reading the voltage change across the terminating resistor R in the probe
circuit as illustrated in Figure 3.19. The ion collector is negatively biased to repel plasma
electrons and only allow the positive ion charges to be collected.
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Figure 3.19: Schematic of Faraday Cup probe and circuit. Ion collector is negatively biased to -
118 V and connected to ground via a terminating resistor. In the setup depicted here, the resistor
value was set at 2.48 ±0.01 MΩ for ICDD measurements in this study. An additional -60 V bias
plate was installed for further repulsion of plasma electrons.
Probe circuit design
A schematic of the probe circuit shown in Figure 3.19 includes a shielded pack of 9 V
batteries to act as a floating negative bias power supply for the ion collector as well as a
standard laboratory power supply to charge the negative bias plate to −60 V in front of
the FC probe. BNC cabling and connectors were used to connect various portions of the
FC probe and circuit inside and outside the chamber as well as to the digital oscilloscope
for data capture. A digital oscilloscope (ISO-TECH IDS 8064, 60 MHz 1Gs/s) measured
the voltage drop across a shielded terminating resistor in the circuit to measure the ion
current signal. However, the resistance of the oscilloscope in parallel must also be taken
into account if a large terminating resistor value is used. Therefore, the true terminating
resistance is
Rt rue =
RoR
Ro+R
(3.12)
where Ro = 1 MΩ is the oscilloscope resistance and R is the terminating resistance. To
ensure a good range of signal strengths, terminating resistor values may range from kΩ
to MΩ to convert the detected ion current into a sufficiently detectable and accurate
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voltage drop.
Hence, the ion current captured by the FC probe Ii p is simply
Ii p =
V f c
Rt rue
(3.13)
where V f c is the voltage dropmeasured by the oscilloscope across the terminating resis-
tor.
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Insulator sleeving
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probe stand
Figure 3.20: Photograph and engineering drawings of Faraday Cup probe
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Probe design
Design specifications for the FC probe as depicted in Figure 3.20 are as follows:
1. The ion collector component of the FCwasmade of copper and designed to have a
deep inner cup (or orifice) length-to-diameter ratio of 5:1 (15 mm deep and 3 mm
diameter) to ensure successful ion capture and reduce the likelihood of escape of
any secondary electron emissions caused by collision of ions with the collector
material. The end of the collector orifice was conical in shape to ensure any reflec-
tion of ions and secondary electrons would be intercepted by the inner wall of the
collector orifice. A 0.9 mm thick copper ring with a 2 mm diameter hole is located
directly in front of the collector.
2. A negative bias of −118 V was used for the ion collector to ensure the rejection of
plasma electrons.
3. The probe entrance and plate holes were made as small as possible to reduce the
possible shielding effect of the plasma sheath on the negative bias plate. However,
the smallest hole diameter was limited to 1.8 mm for reasons of accurate man-
ufacturing and limits on the smallest ion current signal that could be practically
measured by the setup.
4. An additional 0.9 mm thick copper plate of negative bias −60 V was installed in
front of the ion collector to further repel plasma electrons. Aluminium ground
potential plates are located on either side of the bias plate to cancel out the effect
of the electric field generated by the bias plate (the ions are accelerated toward the
plate, then decelerated past the plate). Cabling supplying the negative bias was
shielded with copper foil at the interface with the probe.
5. Insulation rings (0.9 mm thick) and sleeves made of UHMW-PE plastic were used
to separate the collector, bias and grounded components from each another.
6. A casing for housing and shielding FC probe components was machined out of
aluminium. The casing also allows for the probe to be mounted on an adjustable
vertical stand for positioning the probe.
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7. A BNC connector at the back of the probe sends the ion current signal through
a shielded BNC vacuum connection and feedthrough to the probe circuit outside
the chamber.
3.5.3 Probe operation, behaviour and performance analysis
Validation and verification checks
The following checks and verifications on the functioning of the FC probe were per-
formed:
1. The probe’s ion signal was visually confirmed to have a similar waveformprofile to
the arc current discharge profile and maintained its shape despite the arc current
level (see Figure 3.21) . Peak ion current was also shown to be in correct proportion
to the arc current level for similar arc pulse conditions.
2. Practically zero incoming signal wasmeasured by the probe when firing a VAT pro-
totype against a blanked off probe entrance. This result confirmed that no leakages
were present within the shielding of the probe, cabling and circuitry.
3. Measurement of ion current signals at various drift lengths (150, 230 and 300 mm)
demonstrated that the ion current signal (and by inference, plasma density) cor-
rectly drops according to 1/z2 as described by Equation 3.11 (see Figure 3.22). The
slight deviation at z = 300 mm is likely due to the nearby presence of the chamber
wall affecting the plasma’s expansion into the surrounding vacuum.
4. Varying the bias voltage for the ion collector over a range from −118 V to +20 V
revealed that the FCwas correctly repelling electrons from a bias voltage of at least
−40 V (see Figure 3.23).
5. A measurement of ion current at different ejection angles to the VAT produced an
Exponential or Gaussian-shaped ion current density distribution. This behaviour
is in agreement with observations by Sekerak (2005), further validating the be-
haviour of the FC probe.
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6. Errors due to terminating resistor values, oscilloscope arc current and time sam-
pling resolution limits (±0.4%, ±1% and ±0.025% respectively) were small enough
to be considered negligible in comparison to the uncertainty of average charge of
the ion arc current signals, which were typically ≥±5% (due to the noisy nature of
vacuum arc pulses).
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Figure 3.21: Comparison of normalised arc discharge waveform and ion current signals taken
directly in front of VAT (Fe cathode ) from a distance of z = 230 mm. Arc pulse characteristics are
I = 50 and 120 A, tp ∼ 500 µs.
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Figure 3.22: Measurement of ion current signal from baseline VAT at various drift lengths to the
FC probe (z = 150, 230 and 300 mm) . Ion current drops according to 1/z2.
Circuit effects
In any given test, some persistent differences in shape between the ion current and arc
current waveforms were observed (Figure 3.21 is an example of this). The first observed
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Figure 3.23: Measurement of FC ion current signal from baseline VAT taken at various bias col-
lector voltages from −118 V to +20 V. Negative ion current signals at 0 and +20 V clearly depicts
non-repulsion of plasma electrons.
difference was the delayed initial response rise time of the ion signal, which gave the
waveform a more spread out “hill-shape” compared to the triangular shape of the arc
discharge. The peak of the ion current tended to occur much later in time after the dis-
charge (about 100–200µs as seen in the example) and could not be attributed to the finite
ion velocity, whichwould only cause a 10–20µs time delay over a∼200mmdrift distance.
The second observed difference was in the overall duration of the waveforms, where the
ion current signal took roughly 1 ms longer than the arc current pulse to dissipate. This
was observed regardless of arc current level or pulse length.
The damped nature of the ion current signal was further characterised by noting the in-
creasing change in peak ion current location with increasing peak ion current magni-
tude, that is, the larger the ion signal, the greater the rise time of the ion signal as demon-
strated in Figure 3.24.
An additional plot of several peak ion current signal locations and magnitudes over a
variety of arc pulse conditions and cathode materials reveals a general linear trend (see
Figure 3.25). This trend signifies the maximum capable d I/dt response (or “inertia”)
of the FC probe and circuit. The relatively constant value of d I/dt means that the FC
system dampens the ion signals by the same measure, i.e. the electrical characteristics
of the system are fixed across all tests with the same setup.
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Figure 3.24: Observed increase of peak ion current location with peak ion current magnitude.
Ion signals taken directly in front of VAT with Fe cathode.
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Figure 3.25: Plot of peak ion current location against peak ion current magnitude with observed
linear trend. Captured ion current samples obtained from tests with Al, Fe and Bi cathodes, peak
arc currents of 50 and 100 A and pulse lengths 200–3000 µs long. Drift length z = 230 mm and R =
2.48 MΩ.
All these findings suggest that it is not the ions alone that determine the circuit response,
but the FC system also. Measurement of ion current with two differently-sized resistors
(65.5 kΩ and 2.48 MΩ) revealed that the terminating resistor value significantly affected
the damped response of the ion current signal (Figure 3.26). The larger terminating re-
sistor was used in this study to ensure a better signal-to-noise ratio with a compromise
on signal response time. To overcome this distortion on the data, a measurement of in-
tegrated ion current over time (charge of ion pulse signal) was used instead as a measure
of ion production (see discussion in Section 2.3.2). Additional, but likely minor culprits
of ion current signal damping include capacitance and inductance effects in the cabling
and batteries.
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Figure 3.26: Comparison of ion current signals taken with two different terminating resistor val-
ues. Note the different response times of the two resulting signals, where the lower resistor value
gives a faster response. Waveforms are averaged over 40 samples. Calculated charge of ion pulses
are within 10% of each other. Drift length z = 230 mm.
Secondary electron emission
Oneof the potential errors experienced in FCprobes is the production of secondary elec-
trons caused by the ions hitting the collector surface. The emission of these electrons is
such that they contribute to the current flow in the probe circuit. Thus, a larger-than-
actual ion current measurement can be erroneously made. Typical vacuum arc plasma
contains ions species with charges ranging from+1 to+3 with energies ranging from 20–
150 eV (Anders 2008, p. 203). These relatively low ion charge states and energies (sub-keV
range) are such that secondary electrons produced by the ions hitting the collector sur-
face were not expected to pose a significant error in ion current measurement (Anders
et al. 2004). Nevertheless, a deep cup length aids the re-absorption of any secondary
electrons within the collector.
Debye shielding
The effectiveness of the FC probe to reject plasma electrons can be estimated by finding
the Debye length of the plasma at the probe entrance. The Debye length is a character-
istic measurement of a plasma and indicates the extent to which the electric field from
a charged object immersed inside the plasma is screened out by the attraction of like-
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charged particles (also known as a Debye shield or sheath). This behaviour is important
in FC probe design, because the hole size of the ground and bias plates must be small
enough to not allow the ions from the plasma to shield out the bias plate and thus render
it ineffective in repelling plasma electrons.
The Debye length can be estimated using the following formula:
λD =
√
ǫ0kBTe
nee2
(3.14)
where ǫ0 ≈ 8.854×10−12 F/m is the permittivity of free space, kB is the Boltzmann con-
stant, Te is the electron temperaturewithin the plasma, ne is the electron particle density
and e ≈ 1.6×10−19 C is the electron charge.
To find the electron (particle) density, the ion density can be first estimated using Equa-
tion 3.11, where typically C ∼ 1013 (Am)−1 for copper (Anders 2008). For a measuring
probe distance of 200 mm from the thruster operating with an arc current of I = 50 A
peak, np ≈ 1.25×1016 m−3.
Assuming quasi-neutral plasma and based on the Zero-OrderModel of the interelectrode
plasma (Boxman et al. 1995, p. 293), the plasma and electron densities can be estimated:
np = ni +ne
ne = Z¯ni
Hence
ne =
(
Z¯
Z¯ +1
)
np (3.15)
Assuming a typical electron temperature of 3 eV based on literature (Boxman et al. 1995,
p. 286–288), and combining Equations 3.11, 3.14 and 3.15 results in a Debye length of
roughly 140 µm. General practice recommends a probe hole or aperture size of ≤ 2 De-
bye lengths, which for this example requires a probe hole diameter of 280 µmor smaller.
Therefore, the above analysis shows that the significantly larger hole size in the FC probe
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presently causes the negative bias plates to be shielded by the incoming plasma and not
repel plasma electrons. This means that nearly all of the electron repulsion is primarily
due to the negative bias of the ion collector alone. Experimental measurements at var-
ious bias plate voltages from −60 V to +60 V confirmed that the bias plate had a weak
effect on the ion current signal. However, a bias of −60 V begins to shows a small but
measurable decline in ion signal.
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Figure 3.27: Measured FC ion current signals against varying bias plate voltages over the range
−60 V to +60 V. A baseline VAT with an Fe cathode (I = 50 A pk, tp = 2.7 ms) was used. FC probe
drift length z = 230 mm.
Space-charge-limited ion current
An upper space charge limit exists for how much ion current the FC probe collector is
able to capture based on the Child-Langmuir Law. For a negatively biased collector wall,
the space charge limit can found with (Forrester 1988):
Jcl =
Icl
A
= 4
9
ǫ0
(
2e
mi
)1/2 V 3/20
s2
(3.16)
where Jcl is space-charge current density limit, A is the area of the collector orifice back
end face exposed to the plasma, mi is the ion mass, V0 is the bias potential between
the anode (ground plate) and cathode (ion collector) and s is the distance between the
two electrodes. Rearranging Equation 3.16 and assuming a Bi ion of mass of 208.98 amu
≡ 3.47×10−25 kg, and V0 = 118 V, A = πd2/4, where d = 3 mm is the orifice diameter and
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s = 15.9 mm gives a worse-case scenario value of Icl = 0.14 µA.
However, this value is highly pessimistic because Equation 3.16 is only applicable to the
one-dimensional case of two infinite parallel electrodes spaced a fixed distance apart.
For the more realistic case of a two- or three-dimensional finite electrode configura-
tion and domain, the actual current limit has been shown in literature to be significantly
larger than the one-dimensional case. For example, Bridges et al. (1965) numerically cal-
culated the increased space-charge-limited current for a hollow tube geometry, where
the plasma was constrained to travel along a drift tube between two planar electrodes
and the tube walls were included as conducting elements. Extrapolating their results to
the dimensions of this study’s ion collector orifice hole, electrode gap and depth suggests
that more realistic values of at least Icl ≈ 33–38 µA for Bi should be expected. Table 3.2
lists revised Icl results for all material elements in this study. In practice, experimentally
measured peak ion currents in this work were typically found to reach nominal values of
5–10 µA and a maximum of 25 µA for extreme cases. Thus, nearly all data in this study
can be safely considered to fall within space-charge-limited current values.
Table 3.2: Range of expected space-charge-limited ion currents for all materials used in this study
based on revised analysis of Child-Langmuir Law by Bridges et al. (1965)
Element Bi Cu Fe Al C
Mass (amu) 208.98 63.55 55.85 26.98 12.01
Icl (µA) 33–38 59–69 63–73 91–106 136–158
Ion velocity measurements
Preliminary TOF tests with I = 25 A peak, 200 µs long vacuum arc pulses on a copper
cathode resulted in a measured average ion velocity of 13.8 ±2 km/s, a close comparison
to 13.2 km/s asmeasured by Anders & Yushkov (2002b). However, measurement difficul-
ties experienced due to ion signal distortions and a short drift length of 200–300 mm (the
largest practical drift length for the vacuum chamber) gave a measurement uncertainty
of at least 15%. Furthermore, these challenges became untenable when long arc pulses
were used, because the resolution limits of the oscilloscope sample were similar to or
even larger than the travelling time of the plasma. Therefore, whilst basic ion velocity
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measurements could be demonstrated and shown to generally agree with literature, the
present FC probe and vacuum setupwas found to be unsuitable to detect (with sufficient
accuracy) possible changes in average ion velocities produced from the new VAT designs
tested in this study.
3.5.4 Performance summary
In conclusion, the FC probe was shown to be suitable for collecting the ion currents gen-
erated by the VAT prototypes in this study. An analysis of secondary electron emission ef-
fects, plasma electron repulsion and space-charge-limited current effects shows that the
FCprobe operates and behaveswithin acceptable limits. Although the presence of signal
dampening made absolute measurements difficult to accomplish, analysis showed that
relative comparison of test results across different VAT tests and arc pulse conditions
could still be achieved to provide valuable test results. Signals from the FC probe were
sufficient to conduct ICDDmeasurements and therefore obtain ameasure of the plasma
jet shape of various VAT designs. The probe was used in conjunction with a two-axis
rotation system (as described in the next section) to achieve this. The ion charge ratio
(charge of ion current signal divided by charge of arc current pulse), was introduced in
Section 2.3.2 and used in all ICDD studies as a more accurate and robust indicator of ion
production.
It was clear that the FC probe design could be significantly improved and optimised
to reduce circuit effects, improve ion transmission and absorption and further reduce
the possibility of error from any secondary electron emission. For instance, one perfor-
mance improvement could be achieved by using a grid instead of a single hole in front of
the probe of sufficiently small grid hole size (e.g. ∼50 µm) to effectively repel incoming
plasma electrons. Also, the negative bias plate could be positioned directly in front of
the ion collector to reflect secondary electrons back into the collector. The surface area
and sizing of the collector could be refined to extend the range of the maximum space-
charge-limited current. Finally, the drift length available in the current vacuum chamber
setup used for ion velocity measurements could be extended with additional chamber
modules installed onto themain chamber.
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3.6 Two-axis rotation system
3.6.1 Background
One of the important characteristics of the electric thruster is the distribution or “spread”
of the plasma jet as it exits the thruster and expands into the surrounding environment.
In particular, the plasma jet distribution influences the level of normal thrust produced
and the plasma jet’s interaction with surrounding surfaces. For most thrusters, the ex-
haust jet is composed almost entirely of ions. With VATs, however, a significant portion
of eroded cathodematerial can formmacroparticles and neutrals. Fortunately, the situa-
tion is simplified by the fact that themomentum of these products have a negligible con-
tribution to thrust for two reasons: (1) most of themacroparticles are ejected at steep ra-
dial angles to the cathode surface normal, and (2) they have low average velocities (∼ 400
m/s) (Daalder 1976). Thus, for all intents and purposes, we assume that the thrust plume
can be accurately represented by the ion plume and its distribution (commonly referred
to as the ion current density distribution or ICDD).
ICDD capture methods
In order to measure the ICDD, a common method is to capture ion current signals from
a single or several Faraday probe(s) at various relative angles to the head of the thruster
under study (see Table 3.3 for some examples). Within the test domain, the Z axis is gen-
erally defined along the centreline of the thruster (or normal thruster axis). Visual inspec-
tion of the VAT plume can also be done using high-speed cameras (Pietzka et al. 2011).
However, optical methods are especially challenging for studying vacuum arc plasmas
since the cathode spot(s) are a strong source of light emission and optical systems are
often costly and complex to handle. Thus, for simplicity, feasibility and cost, we adopted
the ion collection via probe method. A comparison and analysis of different ICDDmea-
surement rig solutions in Table 3.3 was performed. Method 3 was found to be the most
feasible and suitable to achieving the study’s objectives within the constraints of the
present vacuum chamber setup.
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Method 1 Method 2 Method 3
Description Move a single probe or probe array
relative to the fixed thruster in Carte-
sian co-ordinates
Move a single probe or probe array
relative to the fixed thruster in Polar
co-ordinates
Move the thruster relative to a fixed
single probe in Polar co-ordinates
Example Zhuang et al. (2009) Walker (2005) Sekerak (2005)
Probe config. Linear array Curved array Single
Thruster Vacuum arc thruster Hall Thruster Vacuum arc thruster
Motion Z axis Yaw axis Yaw & Z axis
Advantages Actuation requirements are less de-
manding; large, heavy thrusters can
be easily tested
Probe always faces thruster; large,
heavy thrusters can be easily tested
Mechanically simple; uses least
chamber volume
Disadvantages Decreasing viewing angle of plume
as probe array moves further from
thruster; large test area needed; incli-
nation of probe face(s) with respect to
thruster face must be considered
Large test area needed; mechanically
challenging to move probe in more
than one rotational axis
Limited thruster sizes and masses
CHAPTER 3. EXPERIMENTAL APPARATUS & TEST SETUP 78
In this study, emphasis was placed on measuring VAT plume ICDDs with greater fidelity
than had been previously done before. This was achieved by taking ICDDmeasurements
in two dimensions, thereby allowing the symmetry of the plume to be more accurately
assessed. Based on knowledge of the plume shape, the direction of the force (also known
as thrust vector) being produced by the VAT can be properly determined. This is an im-
portant performance characteristic for VATs, which may not necessarily produce thrust
exactly along the centreline of the thruster. Knowledge of the thrust vector gives an indi-
cation of the pointing accuracy of a spacecraft and its effects on the spacecraft’s attitude
(e.g. residual moment forces).
Thrust vector
The thrust vector is defined as the force magnitude and direction comprised of the sum
total of all directed ion momentum, taking into account all radial and normally-directed
force components. For all cases studied here, this is equivalent to the vector sum of the
pitch and yaw components of peak measured ion flow.
Figure 3.28 illustrates the thrust vector diagramand its components. Detailed calculation
of the thrust vector is found in Appendix C.1, resulting in the following expressions for
the thrust vector (absolute) magnitudeC and deviation angle from normal βT :
C sinβT =
√
A2 sin2βy +B2 sin2βp (3.17)
tan2βT = tan2βy + tan2βp (3.18)
where A and B are the respective yaw and pitch magnitudes and βy and βp are the re-
spective yaw and pitch deviation angles of peak ion flow measured in their respective
planes.
CHAPTER 3. EXPERIMENTAL APPARATUS & TEST SETUP 79
Figure 3.28: Vector diagram of thrust vector comprised of yaw and pitch components.
3.6.2 Description of ICDD capture system
Expanding on Sekerak’s (2005) approach and based on the popular use of mechanical
stings in aerodynamic wind tunnel testing, a custom-built Two-Axis Rotation System
(TARS) based on Method 3 (as defined by Table 3.3) was developed. Figures 3.29 and
3.30 show a photograph and schematic of the TARS and FC probe that comprises the en-
tire ICDD setup within the chamber. The TARS provides full and combined ±90◦ pitch
and yaw motion of a mounted thruster assembly relative to a fixed ion probe in such a
way that the point distance between the thruster head centre point and the probe en-
trance remains constant at all angles of rotation. Appendix C.2 contains details on find-
ing the thruster assembly’s true orientation angle. Currently, Z axis positioning of the
probemust be performedmanually by the user, but the system can easily accommodate
future upgrades such that the ion probe can be remotely actuated with a linear mechan-
ical feedthrough or guide. Thus, the ICDD capture system has the potential to perform
full three-dimensional plume characterization of single or multiple thruster assemblies.
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Figure 3.29: Photograph of ICDD capture system with TARS rig and Faraday cup probe. VAT
prototype is centrally mounted to TARS frame.
Faraday cup probe
Stepper motor (yaw)
Thruster
Rotating frame
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Stepper motor (pitch)
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Adjustable stand
Figure 3.30: Schematic side view of ICDD measuring setup with TARS and Faraday cup probe
arrangement as used in this work.
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Specific technical challenges encountered whilst designing the system was the ability
to remotely provide a high-torque solution with good angular resolution and accuracy,
mitigating the negative effects of thruster EMI on the control system, and successfully
operating within the volume constraints of the vacuum chamber. The TARS structural
frame was made primarily of aluminium, the shaft components made of shaft steel and
the bushings made of Vesconite polymer and UHMW-Polyethylene plastic for low ro-
tational friction. The maximum allowable total thruster assembly mass on the frame
is 2 kg. Each of the two rotating axes were powered by a Bipolar 4-lead 2.8 A Fulling
stepper motor, providing a standalone maximum holding torque of 1.85 Nm and a step
resolution of 1.8◦. A 7.5 ratio gearbox was attached to the pitch motor to provide addi-
tional turning torque required for the frame. A counterweight was included to balance
the frame and reduce torque loads. Each stepper motor was powered by an actively-
cooled modified 2.8 A dual H-bridge driver circuit from Rugged Circuits LLC, which in
turn was controlled by an Arduino MEGA 2560 micro-controller connected via USB to a
control PC.
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Wait for waveform
data capture
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end angle?
Input start, end &
increment angles
Terminate
run
Start run
Save ICDD test region
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Y
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data capture
control system
Figure 3.31: Process flow chart of TARS stepper motor control system
A standalonemotor control application was developed inMicrosoft Visual Studio to pro-
vide a convenient means of manually or automatically controlling the orientation of the
thruster assembly for data capture (process flow chart in Figure 3.31). Starting and end-
ing locations can be independently specified as well as the increment of angle rotations.
For simplicity of control, angular increments were set to a fixed multiple of a complete
4-stage rotation of each stepper motor, i.e. for yaw, 1×4(1.8) = 7.2◦ or 2×4(1.8) = 14.4◦
and for pitch, 10×4(1.8/7.5) = 9.6◦ or 20×4(1.8/7.5) = 19.2◦. This approach always en-
sured that the thruster assembly’s position did not go out of phase with its tare position.
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A feedback checking subroutine was also put in place to prevent any TARS motion until
the thruster firing sequence and FC probe data collection by the LABVIEW data capture
programhad been completed for a particular position. A functional diagramof the ICDD
measurement system is illustrated in Figure 3.32.
Finally, it was found at times that EMI caused by the VAT and its pulse circuit could af-
fect the TARS actuation and control systemand cause the controller and data-acquisition
programs to crashmid-test. Hence, analogue commonmodefilterswere installed through-
out the system to successfully attenuate high frequency noise.
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Stepper motor
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Figure 3.32: Functional diagram of ICDDmeasuring system
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3.6.3 Commissioning & verification
Thruster Positioning
A verification test for each motor was performed in order to determine the positioning
accuracy of the system. The angular position of the thruster arm frame was measured
using a digital level (accuracy ±0.1◦) for a range of yaw and pitch angles at two differ-
ent worst-case loading scenarios. All load cases include a single thruster installed at
the frame’s central mounting position and the motors operating conservatively at about
70% torque capacity (the current-carrying capacity of the driver circuits limits themotor
torque to approximately 90% of its maximum rating).
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Figure 3.33: Range of alignment errors over (a) yaw and (b) pitch angles for worse-case scenario
TARS thruster assembly positions. Data curves best fit to sinusoidal function. Pitch error due to
gearbox teeth play is not shown here.
The first load case was performed where the yaw motor experiences the greatest mo-
ment arm due to the thruster and arm frame, that is, when the system is pitched at −90◦
(+90◦ will also produce the same loading scenario). Figure 3.33a presents the error mea-
sured between the desired and actual yaw angles. Error behaviour can be explained by
the fact that the weight of the thruster and arm frame produces a moment arm on the
yaw motor shaft, which is only constrained to rotate by the magnetic field in the motor
coils. Thus, the greater the moment arm, the more the shaft angular position will shift
out of alignment. Further evidence for this is given by the sinusoidal nature of the errors,
which is precisely expected for a static weight whose moment arm varies with inclina-
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tion according to basic vector geometry. According to manufacturer specifications, the
stepper motor is able to provide an angular tolerance of 0.1◦ with no load. With the load
case included, the yaw angle error range extends up to 2.2◦ maximum.
The second load case was performed where the pitch motor experiences the greatest
moment arm due to the thruster and arm frame, that is, when the arc frame is at zero
yaw position. Figure 3.33b presents the error measured between the desired and actual
pitch angles. The pitch error also follows the yaw error in a similar sinusoidal fashion.
However, the gearbox on the pitch motor contributes a larger overall error as well as a
bias error due to play between gear teeth in the pitch motor’s gearbox. This bias error
comes into effect whenever a change in pitch direction occurs. Thus, a conservative
pitch error of 1.6◦ was assigned for all pitch angles including a shift of −2.5◦ to account
for the bias error occurring during the ICDD capture procedure’s pitch manoeuvre.
Probe positioning
As shown in Figure 3.30, the ICDD capture system was arranged such that the Faraday
cup probe was located at a fixed distance from the thruster head. The probe distance
had to be carefully chosen to ensure that an ion signal of sufficient magnitude could be
received by the probe at all test angles. This was done so that background noise or equip-
ment resolution limits did not become significant for the smallest signals. In addition, a
limitation was also placed on how large an expected signal could be received so that the
voltage drop across the terminating resistor remained nomore than 15% of the negative
bias of the ion collector. Thus, the probe was placed at least 200 mm away to allow a
maximum voltage signal of nomore than 18 V. This probe distance also ensured that the
probe’s presence did not significantly distort the plasma jet emitted and influence test
results.
The probe position used for ICDD tests was nominally set at 230±0.5 mm, which was
defined as the distance from the tip of the VAT to the tip of the ion collector housedwithin
the FCprobe. Alignment of the probewith respect to the zero position of the thrusterwas
performedmanually using a ruler as guide with an estimated pointing angle accuracy of
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∼ 0.25◦. These probe positioning errors were considered small enough to be excluded
from the ICDD analysis.
3.6.4 ICDD data capture & analysis
Data collection & processing
ICDDdatawas typically captured over a pitch angle range of±76.8◦ in increments of 9.6◦,
and yaw angle range of ±86.4◦ in increments of 7.2◦ or 14.4◦. At each angular position,
10–20 samples for arc current, arc voltage and ion current were captured and processed.
This relatively modest number of samples was chosen to limit the amount of cathode
erosion taking place such that changes to cathode geometry did not adversely affect the
captured ICDD. Ion charge ratio values were calculated and aggregated into a single rep-
resentativemean value (with 95% confidence level bounds) for each position. To remove
any outliers, Peirce’s Criterion was applied to each J¯ data set.
Surface fitting
A least squares method was used to find the best type of distribution to surface fit the
plumedata. For data setswith only one pitch or yaw range captured, a curve fit algorithm
was implemented instead. Due to the non-linear nature of the data fit, the Levenberg-
Marquardt regression fit solver was used in this study. Test data was normalized for a
probe distance z = l = 1 and for an arc current J .dA = 1. This generalized the data such
that the distribution fit could be applied for all probe distances and arc current values.
Four types of distributions were assessed to fit J¯ test data in each axis in the following
manner:
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For an Exponential distribution,
J¯ = 2p
πl 2k erf(2π/k)
exp
(
−[2π(1−cos (φ−φe))]2 /k2) (3.19)
For a Cosine distribution,
J¯ = cos
(
φ−φe
)
πl 2
(3.20)
For a Gaussian distribution,
J¯ = 1
πl 2
exp
(
−
(
φ−φe
)2
2w2
)
(3.21)
For a Parabolic distribution,
J¯ = 1
πl 2
(
1−
∣∣φ−φe ∣∣)γ1/γ2 (3.22)
where k , w , γ1 and γ2 are distribution-specific parameters or spread factors describing
the shape of that distribution, φ is the divergence angle (in pitch or yaw) and φe is the
deviation angle of φ to the normal axis, i.e. centreline of the thruster head.
Cosine is the most efficient and ideal plume spatial distribution with the ions travelling
with equal rates uniformly in all directions. However, other distributions like Exponen-
tial and Gaussian are considered in order to take into account observations in literature
and this work that some ion flux is present at high angles (> 80◦) to the cathode surface
normal (e.g. see Polk et al. (2008)) and that the cathode spots move around on the cath-
ode surface (i.e. the ion source is not a perfectly small and stationary point).
Figure 3.34 provides an example of average J¯ values over the test range of ICDD capture
with various distribution surface fits for comparison. Each fit assessment produced a
set of goodness-of-fit results comparing each fit to test data (see Table 3.4). The two
statistical indicators used for comparisonswere theR2 value andRootMean Square Error
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(RMSE). The best fit is the one with an R2 value closest to one and a RMSE closest to zero.
Table 3.4: Surface fitting results for the example shown in Figure3.34. Spread factors, pitch and
yawabsolute deviation angles, and goodness-of-fit indicators for eachdistribution type are listed.
The Gaussian distribution is shown to be the best fit in this example (highlighted in grey).
Fit Spread factor(s) βp (deg) βy (deg) R
2 RMSE
Exponential 4.066 ±0.210 3.3 ±3.2 0.8 ±3.8 0.929 0.023
Cosine – 2.9 ±2.5 0.3 ±2.7 0.954 0.019
Gaussian 1.197 ±0.032 4.6 ±1.9 0.7 ±2.2 0.982 0.012
Parabolic 1.316 ±0.112, 2.068 ±0.081 4.0 ±2.1 0.6 ±2.3 0.975 0.013
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Figure 3.34: Surface fit of ICDD test data with various distribution fits shown for comparison.
Test data shown here is for a baseline VAT operating with a Fe cathode (50 A pk, 2.7 ms, 3 Hz,
7.5 W) and a FC probe distance of z = 230 mm. Twenty samples per pitch and yaw angle were
taken. Best fit is a Gaussian distribution of spread factor w = 1.197 ±0.032 (R2 = 0.982, RMSE =
0.012).
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Thrust correction factor
The thrust correction factor CT considers the effect that the ICDD and electrode geom-
etry have on normally-directed thrust. This is because the divergence of the plume and
any interference of the electrode surfaces to the ejected ions causes a reduction in thrust.
Hence, the larger the value ofCT , the greater the thrust level produced by the VAT. An al-
ternative approach to Sekerak’s (2005) derivation of the thrust correction factor was de-
veloped in this study and is described in Appendix B. The assumption is made that the
average ion charge state and the average ion velocity of the plasma jet plume are spatially
uniform. Therefore, only the ionmass flow is considered to affectCT . Figure 3.35 defines
theCT problem domain based on the VAT electrode geometry. The resulting generalised
expression ofCT for any arbitrary J¯ distribution is as follows:
CT =
L¯2
π
2π∫
0
2π∫
0
r¯a∫
0
1∫
0
J¯
1
l¯ 2
dA1dA2 (3.23)
where
L¯ = L/rc (3.24)
r¯a = ra/rc (3.25)
l¯ 2 = L¯2+ r¯ 21 + r¯ 22 −2r¯1r¯2cos(θ1−θ2) (3.26)
dA1dA2 = r¯1r¯2dr¯1dr¯2dθ1dθ2 (3.27)
and r¯1, r¯2 are radial vectors along the cathode surface and anode exit surface as shown in
Figure 3.35.
The value ofCT wasnumerically solvedusing a combination of Adaptive Simpsonquadra-
ture and trapezoidal integration (implemented inMATLAB), where inputs of thruster ge-
ometry and the ICDD fit parameters were used (for the example in Figure 3.34, rc = 6.35
mm, r¯a = 1.58 and L¯ = 0.16). However, finding the uncertainty of CT was not straight-
forward, given thatCT depended on an analytical expression of the ICDD via a complex
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quadruple integral. Sources of uncertainty originated from (1) pitch and yaw angular
positions, (2) noisy arc behaviour, which influenced J¯ and (3) uncertainty of the ICDD
distribution-specific spread factor. Thus, a numerical solution was sought.
Figure 3.35: Problem geometry and variable definitions used for calculating CT . Adapted from
Sekerak (2005).
TheMonte Carlo simulation technique was used to determine the effect of all uncertain-
ties on CT and the thrust vector by generating pseudo-random J¯ data (mean value and
angle position) that followed the same assumed statistical behaviour of the actual exper-
imental data measured, i.e. a Normal distribution. A total of 251 random test runs were
generated and fitted, resulting in a simulated uncertainty of the ICDD spread factor and
deviation angles from actual test datameasurement uncertainties and test sampling lim-
its. A comparison between simulated and actual uncertaintiesweremade, with the larger
of the two values being the final uncertainty for the relevant parameter. The worst-case
ICDD spread factor uncertainty was subsequently used to calculate the final uncertainty
of CT . The worst-case combination of pitch and yaw deviation angles (positive or nega-
tive) were used to find the final thrust vector deviation angle uncertainty. Thus, for the
example shown in Figure 3.34, a final result ofCT = 0.637±0.0132 andβT = 4.7◦±1.7◦ was
produced. Typical uncertainties for CT in this study were 5% when only axis was mea-
sured and 1–2% when two axes were measured. Uncertainties for βT typically ranged
from ±1.5◦ to ±6◦.
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3.6.5 Performance summary
A suitable ICDD capture technique was developed for this work, where a TARS actuation
system was designed, built and tested to provide acceptable range (±90◦) and accuracy
(≤±2.2◦) for all thruster assembly load cases. Used in conjunction with the FC probe, the
ICDD of VAT plasma plumes could be automatically captured and processed with vari-
ous control systems and data processing techniques with higher fidelity than previously
accomplished. Resulting thrust correction factors were obtained with good accuracy for
this work (2–5%). However, thrust vector deviation angle accuracy was moderate (±1.5–
6◦) due to the limited accuracy of the TARS’ stepper motors (especially the pitch motor)
and the limited number of test samples that could be captured.
3.7 Ion collector
3.7.1 Background
The ion collector is simply an electrically conductive metal enclosure that receives the
ion flux travelling outward from the thruster, with the goal of determining the total ion
current emitted by the VAT. Based on the same working principle as the FC probe, the
captured ions induce current flow within the ion collector circuit, which is subsequently
measured across a terminating resistor. The ion collector is negatively biased to repel the
incoming plasma electron flux. The ion collector in various forms has been widely used
in literature (e.g. Kimblin (1971), Anders et al. (2005)).
3.7.2 Description
Design specifications for the ion collector as depicted in Figure 3.36, are as follows:
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• The collector’s circular walls and dome were made of 0.9 mm thick aluminium
sheeting. Sections were joined together with conductive copper foil and Kapton
tape.
• The ion collector was negatively biased to−60 V with a standard DC power supply
to repel plasma electrons.
• The ion collector was sized in order to mitigate the possibility of discharges be-
tween the thruster and the collector. Thus, the collector walls were designed to be
at least 220 mm away from the thruster head, which was located at the centre of
the collector cavity.
• BNC cabling and connectors were used to connect various portions of the ion col-
lector and its circuitry.
Vacuum chamber walls VAT
Ion collector (sectioned)
Figure 3.36: Sectioned viewof ion collector enclosure formeasuring total ion-to-arc current ratio.
Enclosure is suspended and isolated from vacuum chamber with plastic blocks (not shown here).
Thrusters are positioned in the centre of the enclosure to ensure total and uniform collection.
3.7.3 Signal measurement and verification
As explained in Chapter 2.3.1, the ion-to-arc current ratio is roughly 10% for most cath-
ode materials across a wide range of arc currents. Thus, for a peak arc current of 50 A,
a total ion current peak of ∼ 5 A was expected to be detected by the ion collector. A ter-
minating resistor value of 2.65 ±0.01 Ω was used to ensure a reasonable voltage drop
of roughly 10 V across the resistor. Figure 3.37 shows ion-to-arc current ratio measure-
ments obtained at various bias voltages (from −60 V to +20 V). A bias voltage of −60 V is
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shown to achieve full repulsion of plasma electrons. To account for the stochastic nature
of ion production, forty samples of ion current were taken for each test and aggregated to
produce a smoothed result. Since the ion-to-arc current ratio ǫ was the final parameter
desired, the total charge delivered to the VAT and detected by the collector was used to
find this value (see discussion of ion charge ratio in Section 2.3.2).
3.8 Erosion ratemeasurement
3.8.1 Background
Fuel consumption of the VAT is generally defined as the rate at which cathode material
is eroded during thruster operation. The most common means of measurement in liter-
ature is the cathode weight loss method. Boxman et al. (1995, p. 122–124) also discuss
othermethods such asmeasuring the total ion current and ion charge number to find the
ion erosion rate, imaging and calculating the volume of craters left on the cathode sur-
face, or measuring changes to the cathode geometry. The weight loss method is a more
conservative and robust means of determining the cathode erosion rate because it takes
into account the full range of particles (ions, neutrals and macroparticles) emitted from
the fuel rod itself. However, long test times or many pulse firings are required to gener-
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Figure 3.37:Measurement of ion current signal emitted from a baseline VAT taken at various ion
collector bias voltages from −60 V to +20 V. Negative ion current signal at +20 V clearly depicts
non-repulsion of plasma electrons.
CHAPTER 3. EXPERIMENTAL APPARATUS & TEST SETUP 93
ate an accurate result and the erosion rate values are time-averaged. Measurement error
due to deposition of particles on nearby thruster components and surfaces is avoided by
weighing only the cathode and not the entire thruster.
In the weight loss method, the difference in cathode mass ∆m before and after a set
period of thruster operation is measured. In addition, the total cumulative amount of
pulse charge
∑
Q that is delivered to the thruster during the test is also recorded. Using
both sets of measured values, the cathode erosion rate can be formulated as
Er =
∆m∑
Q
(3.28)
which was introduced earlier in Chapter 2 as Equation 2.4. The parameter Er (normally
in units of µg/C) is a convenient way for comparing the erosion rate of the cathode
across different thruster pulsed operating conditions of arc current, pulse length, pulse
frequency and average power level.
The total cumulative pulse charge is
∑
Q = I¯ tp f ∆t (3.29)
where ∆t is the total operating time of the thruster (or test time). Finally, the mass flow
rate of the VAT (in kg/s) can also be found by simply multiplying Er with the average
pulse arc current and thruster duty cycle:
m˙ =Er I¯
(
tp f
)
(3.30)
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3.8.2 Description of erosionmeasurement technique
A typical erosion test in this study consisted of the following features:
• Before an erosion test, each thruster and its cathode rod was prepared and reset to
“new” thruster conditions.
• Cathodemassmeasurements were performedwith an analyticalmass balance (Pi-
oneer PA214, ±0.1 mg resolution) before and after each erosion test. Care was
taken to ensure a clean cathode rod was carefully inserted into the VAT assembly
prior to testing and gently removed from the VAT assembly at the end of the test.
This ensured as small mass errors as possible due to cathode handling.
• All testswere conductedwith thrusters initially at room temperature (roughly 20◦C).
• The VAT was sometimes initially fired for 30–200 pulses depending on the cathode
material to “burn-in” the thruster and ensure proper initiation of the thruster. This
initial amount of released charge contributed a small but insignificant error to the
total value of
∑
Q (≤ 0.5–1%).
• The VAT was operated continuously for several thousand pulses – sometimes for
as much as 100 C of total pulse charge delivered. This ensured that enough mate-
rial was eroded for good test accuracy and the thruster operated with realistic and
steady heating conditions for an extended period of time. Cathode erosion was
also limited such that the changing cathode geometry did not affect the overall
thruster geometry and operating conditions in a significant manner. For example,
the locally-eroding portion of the cathode surface began to recede into the thruster
head after 80–100 C.
• Between 100–300 pulsewaveform sampleswere captured in a single test, appropri-
ately consolidated and weight-averaged to find the total cumulative pulse charge∑
Q . Since the present test method made a time-averaged calculation of Er , only
average values of I and tp were used to find Er . Thus, only the uncertainties of f ,
∆t and ∆m were considered in the final uncertainty analysis of Er (typically 2–4%
error). The nominal ranges of uncertainty for each parameter in this study is listed
in Table 3.5 below.
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Table 3.5: Range of typical values and uncertainties for f , ∆t and ∆m in this work’s erosion stud-
ies and their effect on final Er uncertainty
Parameter Nom. values Uncertainty Effect on Er uncertainty
Mass loss, ∆m (mg) 2–100 ±0.1 Strong
Pulse frequency, f (Hz) 2–10 ±0.1–0.001 Medium
Total test time, ∆t (s) 250–3000 ±1–5 Weak
Chapter 4
Thruster design, behaviour &
performance evaluation
4.1 Introduction
Detailed descriptions of the baseline VAT’s design, development, verification and evalu-
ation are presented here. Key lifetime tests are conducted on VAT prototypes with three
different cathode materials to study and characterise the behaviour and performance of
the baseline VAT design and assess its suitability as a reference thruster. Various equip-
ment, methods and analyses are used to demonstrate and achieve testing of the baseline
VATs, thereby establishing suitable application towards later studies.
4.2 Thruster description
4.2.1 Electrode design
The basic vacuum arc thruster design is comprised of an anode, cathode, insulator and
96
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arc initiationmechanismandarcdrivingmechanism (pulsedpower circuit). VAT thrusters
have traditionally adopted a coaxial design with a central cathode rod surrounded by
a ceramic tube and an outer anode ring or cylinder, e.g. Gilmour & Lockwood (1972),
Schein et al. (2002a) and Polk et al. (2008). Other electrode configurations tested include
planar block (Lun 2009) and annular tube (Zhuang et al. 2009) designs. Figure 4.1 illus-
trates some of the electrode configurations available in coaxial and planar geometries.
Each design type possesses characteristic strengths and weaknesses. For example, rod
and tube designs as shown in Figures 4.1a–b are easier to manufacture, but cannot in-
corporate a cathode feeding mechanism as easily as the annular design shown in Figure
4.1c. On the other hand, the annular design suffers from lower thrust values due to the
cathode being receded into the thruster body. It was decided early on in the project that
the baseline thruster should follow a design that could be easily compared to existing ex-
perimental and theoretical VAT models. Thus, the standard coaxial rod electrode design
which has been extensively studied and characterised in literature, was implemented. In
addition, the symmetrical nature of a coaxial design along the thruster centreline simpli-
fies analysis of the jet plume.
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F
(a) Rod
(b) Tube
(c) Annular
Coaxial Planar
Figure 4.1: Illustrated matrix of (a) rod, (b) tube and (c) annular VAT electrode designs in both
coaxial and planar format (based on Lun (2009)).
The main requirements of the thruster design were simple and repeatable manufacture,
use of low-cost, commercially available, high-vacuum compatible materials and use of
standard sizes (see Table 4.1). The main drivers of the thruster size were found to be the
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commercial availability of compatible cathode material rod sizes and insulator tube di-
ameters as well as repeatable and accuratemanufacture of thruster components. Larger-
sized cathodes (e.g. 6 mm diameter) enable different cathode shapes to be practically
made and tested aswell as allow the VATs to experience awider range of heat power levels
compared to the earlier and more common cathode diameter of 3.18 mm. For simplic-
ity, no cathode feeding mechanism was implemented in this work. All prototypes were
constructed by the workshop at the School of Mechanical, Industrial and Aeronautical
Engineering.
Table 4.1:Major VAT design requirements and constraints
Requirement/constraint Description
Mass and size Should be of a size not too dissimilar to actual flight hardware,
but large enough for easy handling and modification
Modularity Should easily accommodate different anode designs and insu-
lator tube sizes
Safety Must not pose a health or operational hazard to personnel and
nearby equipment
Systems integration Must be simple to mount onto diagnostic equipment in a va-
riety of orientations
Cost Should be of relatively low cost to allow several prototypes to
be built
Manufacture and materials Limited to commercially available products and local manu-
facturing capabilities; simple to repair and modify
After a number of design iterations and preliminary tests, the final form of the reference
VAT as shown in Figure 4.2 was finalised to the following material and size specifications:
• All cathodes were rods of 6 or 6.35 mm diameter and an initial length of 50 mm.
• The anode is comprised of a 25 mm OD, 10 mm ID, 8 mm long copper cylinder
to help absorb and dissipate the thermal load. The anode can be located flush
or slightly protruded at the front of the thruster. In all test cases in this work, the
anode was normally situated 0.5 mm above the cathode surface unless otherwise
stated.
• The insulator is made of an alumina tube of 10 mm OD, 6 or 6.35 mm ID and 25
mm length. Alumina ceramic has become the standard material of choice for use
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in vacuum arc research given its exceptional thermal-resistance and electric insu-
lation strength. Unless otherwise stated, all tests in thiswork had the insulator tube
mounted 0–0.25 mm below the cathode to ensure good contact of the conducting
film with the cathode.
• The thruster housing ismadeof ultra-highmolecularweight polyethylene (UHMW-
PE), which is easy to machine, vacuum-friendly, of low cost and has a higher me-
chanical strength than many other vacuum-compatible plastics. Allowance was
made for convenient mounting of the VATs to a flat surface or plate and easy re-
placement of individual thruster components. The housing also offers high elec-
trical insulation between any relevant electrically-conducting parts.
• Overall, the VAT baseline design occupies a volume of 30 mm dia × 50 mm length,
with an approximate mass of 60 grams.
4.2.2 Arc initiationmechanism
A vacuum arc pulse can be initiated between the anode and cathode by several means. A
commonmethod is to create a high voltage spike between the electrodes, creating a con-
ductive bridge for the arc current to flow. Unfortunately, the dielectric breakdown limit is
very high (10’s of kV) for high vacuum conditions and can require costly and sizeable HV
power units. To address this, alternative techniques for arc triggering includingmechan-
ical triggering, laser ablation and gas ignition have been explored (Anders et al. 1998).
These methods are either complex to implement or produce too few pulses (∼ 103) suit-
able for regular VAT operation and testing (≥ 104).
Eventually, Gilmour & Lockwood (1972) and Anders et al. (1998) developed a novel vac-
uum arc initiation technique that applied a thin conducting film on the ceramic surface
between the anode and cathode electrodes. This “triggerless” arc initiation technique
has the effect of creating a very small gap which can be traversed by a lower voltage
spike or, in some cases, even short-circuit the electrodes. Given a sufficiently high initial
arc current, microscopic portions of the film experience high field emission and Ohmic
or Joule heating to vapourise. The vapourised material provides an initial conducting
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Figure 4.2: (a) Engineering model drawings and (b) photographs of baseline/reference VAT de-
sign.
bridge between the electrodes for the rest of the arc current to flow and the vacuum arc
is ignited. Each time the arc pulse fires, the conducting film will partially dissipate due
to the localised thermal load and the explosive nature of the arc. However, the erosion
of the cathode causes some ejected molten particles to deposit back onto the insulator.
This replenishes and maintains the film for subsequent pulse firings. Graphite or metal
powder is typically used as a suitable filmmaterial. In this work, a number of filmmate-
rials and filmmanufacturing techniques were tested.
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Figure 4.3: Exploration of different film manufacturing techniques such as (a) & (b) silver paint,
(c) & (d) cold spray copper films, and (e) & (f) graphite coatings used to manufacture the thin
conducting film for triggerless arc initiation.
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1. The first attempt was to apply a graphite coating drawn on the ceramic face using
an ordinary lead pencil. However, there was difficulty in accomplishing reliable
thruster firings since the graphite would either short-circuit the thruster or dissi-
pate too quickly.
2. The second attemptwas to apply silver conductive paint as depicted in Figure 4.3a.
However, even after curing, the coating quickly eroded away after low-energy puls-
ing andwas found to significantly reduce thrust production (Figure 4.3b). This was
attributed to the low melting point of the silver paint. Molten droplets of silver as
well as combusted solvent particulates were also found to block and absorb ions
ejecting out of the thruster’s front end. High resolution microscopy of the cathode
and a target deposition plate revealed evidence of this effect.
3. The third attempt was to adopt the cold-spray deposition technique. A thin film of
copper was deposited on the thruster face (Figure 4.3c) and filed down to a suit-
able thickness. Arc initiation was easier to attain with this method, but several
weaknesses with this approach made it impractical. Firstly, it was difficult to gen-
erate very thin coatings in a repeatable manner on the face. Coatings tended to be
thick and highly porous, both of which are undesirable (Figure 4.3d). Secondly, a
long setup and preparation time is required for the deposition process and many
VAT tests were expected to bemade. Thirdly, the high speed of the copper particles
caused high thermal shock to the ceramic, causing it to crack and erode more eas-
ily than before. Further work is needed before cold spray deposition can be made
a viable technique.
4. The fourth and final attempt to create a simple-to-prepare, reliable thin conduct-
ing film was to return to the first attempt of applying graphite with the additional
step of dissolving the graphite in solvent such as acetone. This caused the graphite
particulates to break up and smoothly cover the ceramic face (Figure 4.3e). Graphite
conducting paint spray was also shown to be suitable. Arc initiation was success-
fully demonstrated (Figure 4.3f) and the presence of the film was sustained pro-
vided the pulse energy was roughly greater than 0.2 J. The initial resistance of the
film could easily be controlled by the location and amount of applied graphite,
and was usually set between 0.1–20 kΩ. Pulses of up to 104 were regularly accom-
plished with ease. Thus, a suitable arc initiation technique for the level of testing
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expected in this study was found.
4.2.3 Choice of reference cathodematerials
Although nearly any solid conducting element can be used as fuel, pure metallic ele-
ments are themost common cathodematerials to be used in VATs. Metal aluminium (Al),
iron (Fe), bismuth (Bi) and copper (Cu) cathode rods were chosen as primary baseline
cathode materials for this study due to their wide range of thermophysical and vacuum
arcproperties, thrust production, and availability of predicted thruster performance (Polk
et al. 2008, Lun et al. 2010). One particularly important feature of each chosen material
was their ability to generate different amounts of cathode spots for a given amount of arc
current depending on the element’s thermophysical properties (discussed in Chapter 1,
see Table 1.1). Thus, for the arc current range studied here, Bi is expected to have many
cathode spots present on the surface during an arc pulse, whilst other materials such as
Al or Cu are expected to only produce a single cathode spot. Table 4.2 lists some physical
properties of the cathode materials used in this study.
Additionally, this work provided an opportunity to experimentally validate predicted VAT
performance for these cathode materials (which has not been published in full to date)
as well as to help validate and verify thruster operation and test diagnostic equipment.
Finally, the varying characteristics of these materials may help to explain observed vac-
uum arc behaviour across different studies performed in this work.
Table 4.2: Material properties of Al, Fe, Cu and Bi cathode samples used in this study. Thermo-
physical data from Incropera & DeWitt (2002).
Property Al Fe Cu Bi
Purity 2N* 3N5 2N5* 5N
Atomic mass (AMU) 26.3 55.9 63.5 209
Density (×103 kg/m3) 2.70 7.87 8.93 9.78
Boiling point (K) 2792 3134 2835 1837
Melting point (K) 933 1810 1358 545
Thermal cond. (W/mK),molten 218 32 339 7
Thermal cond. (W/mK), room 237 80 401 8
* Commercially pure
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4.3 Thruster characterisation, validation and verification
4.3.1 General operation of VAT prototypes
Thruster preparation and initiation
Before any test measurements were made on a VAT prototype (baseline or new), the end
face of its cathode rod was prepared and cleaned with a metal file to ensure a relatively
smooth surface texture. Also, the VAT was initially“burned-in” by repeated firing by up
to a few hundred pulses or a few Coulombs of delivered arc charge to remove cathode
surface oxides, residual gases embedded within the cathode and excess graphite on the
front face of the thruster. This ensured as consistent operation as possible across thruster
prototypes.
Visual observation of VAT exhaust jet
Figure 4.4 shows a close-up of baseline VAT prototypes firing inside the chamber with the
characteristic glowing plasma plume and sporadic emission of incandescent macropar-
ticles. Each cathodematerial plasma was observed to give off a specific colour emission,
corresponding to the ionisation energy of its atoms. For example, Al plasma is purple, Fe
plasma is blue, Bi plasma is turquoise, Cu plasma is green, and Carbon plasma is white.
4.3.2 Thruster performance tests
Test configuration
Lifetime thrust tests for three individual baseline VAT thrusters were performed for Al,
Fe and Bi cathodematerials. The electrode configuration for each thruster was such that
the cathode was located flush to the anode and the insulator recessed into thruster by
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Figure 4.4: Close-up views of Al and Fe VAT prototypes firing inside the vacuum chamber with
visible plasma jet plume emanating outward from the cathode surface – (a) Al plasma generally
exhibits a purple glow, whilst (c) Fe plasma exhibits a blue glow. Macroparticle emission in each
respective VAT is observed in (b) and (d) as radiating incandescent particles from the cathode
region (highlighted with arrows).
0.5 mm. All three thrusters were mounted on the thrustmeasurement stand (see Section
3.4) as shown in Figure 4.5 and tested in a single vacuum run with only one calibration
procedure needed for the setup. Measurements of mass erosion rate for each cathode
material were conducted simultaneously in each test case, the results of which were later
verified with additional erosion tests.
Pulse characteristics
The same inductor coil size was used for each test case to generate VAT arc pulses, where
each thruster was firedwith triangular-shaped pulses of approximately 50 A peak arc cur-
rent and with a short, medium or long weight-averaged median pulse length between
200–2000 µs. Table 4.3 summarises the weight-averaged arc pulse characteristics (arc
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Baseline VATs
Thrust stand
Vacuum chamber
Figure 4.5: Thrust stand setup with three VATs mounted for lifetime testing. Cathode materials
used were Al, Fe and Bi. Lifetime test duration of 1–5 ×104 pulses.
current, arc voltage, average arc power, median pulse length, pulse frequency, pulse en-
ergy, pulse charge) and accumulated lifetime data (cumulative arc pulse charge deliv-
ered, total number of pulses fired) over the duration of eachmaterial lifetime thrust test.
Since each cathode material was expected to possess different levels of thrust produc-
tion ability, different pulse frequencies (5–50 Hz) for each material were chosen in order
to generate a large enough beam displacement to obtain a thrust measurement with ac-
ceptable accuracy. Each VATwas operated for roughlyn = 1–5×104 pulses to assess thrust
production capability over time.
Table 4.3: Summary of total weighted-averaged arc pulse characteristics, total charge transferred
and total pulse firings for baseline VAT lifetime tests for Al, Fe and Bi cathode materials
Weight-averaged values Total
I (A) V (V) P (W) tp (µs) f (Hz) E j (J) Q (mC)
∑
Q (C) n
Al 26.9 36.9 8.1 156 50.1 0.13 4.3 183 42 714
Fe 23.3 21.1 3.4 658 10.1 0.33 15.1 772 50 975
Bi 12.6 11.8 1.5 1962 5.0 0.29 24.7 250 10 049
Figure 4.6 displays the typical arc charge and discharge current and voltage waveforms
observed for each cathode material tested. Prior to the beginning of a vacuum arc pulse
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(time t < 0), the pulse circuit builds up current in the inductor coil for a period of several
hundred microseconds. The rate of current rise is different for each cathode material,
most likely dependant on the material electrical conductivity. A fast current rise indi-
cates a cathode with high conductivity (e.g. Al), whilst a decaying current rise indicates a
cathode with poor conductivity (e.g. Bi). Once having reached the desired peak arc cur-
rent level (50 A in this case), the current is switched to flow into the thruster. At this stage,
the arc initiates by the triggerless arc initiating mechanism (t = 0) and the VAT fires. For
a given inductor size, the length of the arc pulse also correlates with the choice of cath-
ode material, or rather the cathode arc voltage. The lower the arc voltage required by
the cathode, the longer a vacuum arc pulse can be generated. This can be linked to the
material-specificminimum arc current level (chopping current limit) needed to develop
a vacuum arc.
Cathode erosion
Table 4.4 compares measured erosion rate data for the baseline thruster design. Mea-
sured results for Al and Fe show generally good agreement with literature. In the case
of Fe, its erosion rate value was measured as roughly midway between literature results
for short (250 µs) and long pulses (0.52 s). This can be expected given that Fe’s pulse
length value (and hence, heating time of the surface) was in-between those tests in lit-
erature. The predicted ion erosion rates are expected to be lower than the values of Er
since macroparticle production is ignored in the calculation. With this knowledge, 32 %
and 46% of Al and Fe cathode mass loss respectively can be assumed to take the form of
neutrals andmacroparticles (MP’s). Low-melting point materials like Bi are estimated to
have a significant portion of its mass loss in the form of neutrals andMP’s (83%).
Observation of the erosion patterns on the three thrusters at the end of the lifetime test
as shown in Figure 4.7 revealed how differently each cathode behaved. Al (tp= 156 µs)
and Fe (tp= 658 µs) showed erosionmostly at the outer circumference of the cathode rod
(roughly 0.5 and 1 mm respectively), whilst Bi (tp= 1962 µs) had an almost uniform ero-
sion of the cathode surface and some recession of the cathode into the thruster. Longer
pulses appeared to produce better erosion characteristics because the cathode spots had
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Figure 4.6: Typical averaged arc current and arc voltage pulse waveforms for Al, Fe and Bi during
lifetime thrust tests. Data shown here after n = 3000–4000 pulse firings.
a longer time to “walk” over the surface and erode it. The number of cathode spots may
have also played a role in cathode erosion, where a large number of spots (in the case of
Bi,≥ 10) enables uniformerosion, whilst only 1–2 spots (Al and Fe) exhibits localised sur-
face erosion. Thus, the choice of arc pulse characteristics and cathode material plays an
important role in manner of cathode erosion. Significant deposition of cathodematerial
on the interelectrode insulator surfaces of all thrusters was also seen, which facilitates
continued triggering of the thruster.
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Table 4.4: Comparison of measured and predicted erosion rates of baseline VATs with published
literature. Measured cathodemass loss in brackets.
Erosion rate, Er (µg/C)
Type Description Al Fe Bi
This work
Exp Total mass loss, ∆m (mg) (5.7 ±0.1) (43.7 ±0.1) (51.9 ±0.1)*
50 A pk, 150–2000 µs 31.2 ±0.6 56.6 ±0.6 1267.4 ±3.6*
Expa 100 A, 250 µs 28 48
Expb 200 A, 0.52 s 73
Calcc Ion erosion only 19 26 211
* Results for Bi were obtained from an additional erosion rate test (Q = 41 C) due to
a measurement error in the lifetime test.
a Brown & Shiraishi (1990)
b Kimblin (1973)
c Lun et al. (2010)
Bi                                      Fe                                    Al
Figure 4.7: Used thrusters after lifetime and verification thrust tests. Note the differences in cath-
ode erosion patterns for each thruster.
Arc pulse behaviour
Figure 4.8 depicts arc pulse characteristics over the course of the lifetime test for all ma-
terials. Each data point is a snapshot in time, representing 15–20 waveform and test
samples taken at that moment in the test. It is important to note that the error bars in
the figure (and subsequent ones) are also indicative of the fluctuations and noisy be-
haviour typical of vacuum arc behaviour (as previously discussed in Section 3.3.2) and
do not only represent measurement uncertainty, which is generally much smaller than
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the final uncertainties shown here.
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Figure 4.8:Measured arc pulse current, voltage andmedian pulse length over duration of lifetime
test on baseline VATs with Al, Fe, and Bi cathodes. Data fluctuation and error bars are indicative
of the noisy behaviour of the vacuum arc pulses. Lifetime test duration is expressed in terms of
number of pulses fired.
Relatively stable arc pulse characteristics were observed in the 103–104 pulse range. This
indicated that a stable thruster operating condition was established during that time.
Although the average pulse charge remained overall constant over the course of the life-
time tests, a gradual shortening of the pulse length was observed, especially beyond 104
pulses. A corresponding growth in arc voltage and increasing instability of the arc (as de-
picted by increasingmagnitude of data error bars) near the end of the tests was also seen.
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For example, Figure 4.9 illustrates the growth of Fe’s median pulse length error bounds
from an initial 10% nominal to up to 50% nominal as the test progressed.
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Figure 4.9: Growth of median pulse length error bound values over time for Fe cathode lifetime
test. Vertical axis represents the lower and upper bound values as a percentage of the median
pulse length value.
All these observations are indicative of the onset of degradation of the conducting path
for the vacuum arc pulse, which occurs at different points in the test depending on the
cathode material. The conducting path was found to be affected by two possible failure
modes. The first mode, due to the absence of a cathode feedingmechanism, is the reces-
sion of the eroding cathode fuel rod into the thruster, which widens the gap between the
electrodes. This was illustrated by the Bi cathode, which melted considerably during the
test. The secondmode is the erosion of the conducting film on the insulator. This type of
failure was experienced with the use of Fe and Al, which have significantly lower erosion
rates than Bi. This makes these materials less capable of replenishing the portions of the
conducting film that eroded after being subjected to arc triggering and the accompany-
ing high thermal load. Similar lifetime issues were experienced by Pietzka et al. (2013)
when operating at the 1–20 W low power range. Although work by Anders et al. (1998)
showed that the triggerless method was successful up to 106 pulses, this may be because
of the higher arc currents and pulse lengths that were used (200 A, 5 ms), which would
have produced a larger amount of film deposition on the insulator than was seen here.
Although this present study was unable to attain the long operating lifetimes achieved
by Anders et al. (1998), firing VAT prototypes up to 104 pulses was at least shown to be
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sufficient for reaching and establishing a sizeable duration of relatively stable nominal
thruster behaviour and performance as well as generating significant amounts of data
on prototype operation.
Thrust generation
Tests confirmed the linear dependency of thrust on arc current as shown in Figure 4.10a.
Plotting thrust per average arc current in Figure 4.10b also shows that the thrust pro-
duction mechanism is relatively stable for most of the test duration. However, lower
initial T /I values were seen for Al and Fe due to some outstanding oxide layers and ex-
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Figure 4.10: (a)Measured thrust against arc current for baseline VATs with Al, Fe, and Bi cathodes
with observed linear trends of thrust against current; (b) shows change in thrust production per
input arc current over thruster lifetime.
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cess graphite film remaining despite the initial burn-in phase. The transition to nominal
thrust production occurs at different times depending on the cathode material. For ex-
ample, Al and Fe took up to several hundred pulses to reach nominal thrust production,
whilst Bi had almost no initial thrust transition. This behaviour of Bi is most likely due
to its high erosion rate, which would very quickly remove oxide layers and residual gas
within the cathode surface. Near the end of the lifetime tests, a significant increase in
thrust scatter and aberrant thrust values were observed for all test cases. This was due
to the approaching failure of the thruster as discussed earlier, which caused unstable
thruster behaviour and skewed thrust measurement.
Figure 4.10b demonstrates the wide range of thrust production levels possible with low-
powered VAT thrusters. At one extreme, Bi produced the largest nominal average thrust
per arc current (502 µN/A), whilst Al produced the smallest (117 µN/A). Fe represented
mid-ranged thrust production values typically seen by most metal cathodes (221 µN/A)
as shown by Polk et al. (2008). General scatter in thrust data, also reported by Ziemer
(2001), is indicative of the variable and “noisy” thrust generation properties of a standard
VAT design. There are a number of causes for this. The first cause is the ever-changing
surface conditions of the interelectrode gap in the VAT, which influences vacuum arc
plasma production and thrust generation. The second cause is the varying location of
the cathode spots on the cathode surface from which the plasma jet is emitted over the
course of the VAT’s lifetime. This can have a small but measurable effect on the thrust
vector. The third cause is the random variation in the arc pulse waveformprofile at every
pulse firing, which is a feature of the vacuum arc as well as the limitations of the present
pulse circuit design.
Overall thruster performance
A plot of average thrust against average thruster power in Figure 4.11a shows the gen-
erally increasing trend of thrust with power. Bi produced the largest average thrust-to-
power ratio (42.5 µN/W), whilst Al produced the smallest (3.2 µN/W). Fe produced an
average thrust-to-power ratio of 10.5 µN/W, a nominal VAT performance value widely re-
ported in VAT literature. The diverse range of impulse bits generated by the VAT thrusters
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in Figure 4.11b also illustrates the flexibility of the thruster to produce a variety of per-
formance levels as desired. Once again, Bi produced the largest nominal impulse bit size
(10 µNs), whilst Al produced the smallest (0.5 µNs). Fe produced a nominal impulse bit
size of 3 µNs in the 0.2–0.4 J range – comparable to measured impulse values by Ziemer
(2001) for a Titanium cathode, which delivered 2–10 µNs impulse bits at pulse energy
levels of 1–2 J.
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Figure 4.11: (a) Measured average thrust against average arc power and (b) average impulse bits
against average pulse energy for baseline VAT tests using Al, Fe, and Bi cathodes. A wide range
of thrust and impulse production performance across all materials is demonstrated. General in-
creases in thrust and impulse with increasing thruster power and energy levels are also observed.
A summary of overall baseline VAT performance is given in Table 4.5. Average thrust-to-
arc current ratio values for Al, Fe and Bi (ranging from 117 to 502 µN/A) are sufficiently
varied to illustrate the wide range of thrust production capabilities possible within VATs
depending on the choice of cathode fuel material. Specific impulse calculations were
obtained by combination of average T /I and Er data for each cathodematerial, resulting
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in Isp values of 382 s, 398 s and 40 s for Al, Fe and Bi respectively. Thruster efficiencies
were also calculated to be 0.6%, 2.0% and 0.8% for Al, Fe and Bi respectively.
Table 4.5: Overall performance results of baseline VAT tests with Al, Fe and Bi cathodes. Values of
T /I and T /P are averaged over the entire data set for each cathodematerial.
Performancemetric Al Fe Bi
Thrust per arc current, T /I (µN/A) 117 221 502
Thrust-to-power ratio, T /P (µN/W ) 3.2 10.5 42.5
Erosion rate, Er (µg/C) 31.2 56.6 1267.4
Specific impulse, Isp (s) 382 398 40
Efficiency, η (%) 0.6 2.0 0.8
The variety of performance levels across cathode materials is such that VATs can be tai-
lored to suit the propulsive needs of the satellite mission. Missions requiring high thrust
and thrust-to-power ratio at the sacrifice of specific impulse, can employ a heavy, low-
melting point material such as Bi. Missions relying more critically on fuel efficiency, at
the expense of lower thrust and thrust-to-power ratios, could employ a higher but still
modest specific impulse material such as Al or Fe. Practical trade-offs in fuel selection
may also include the storage volume of the fuel (influenced bymaterial density), the ease
of arc triggering (effectiveness of insulator film replacement) and risk of MP contamina-
tion on surrounding satellite subsystems (e.g. solar panels).
4.3.3 VAT plume distribution
The plume distribution of the VAT’s plasma jet was verified by mapping the ion current
emitted by the baseline VATs along two principle axes. Measurements were taken with
a Faraday Cup probe fixed at drift lengths ranging from 223–234 mm from the central
thruster assembly head. Each thruster was rotated along the pitch and yaw axes over
the ±90◦ range of angles in increments of 9.6◦ and 14.4◦ respectively. An example of
the resulting ICDD maps for Al, Fe and Bi are shown in Figure 4.12, where each data
point represents the mean value of 10–20 data samples captured at a specific yaw or
pitch angle.
A best surface fit algorithm was implemented to map and extrapolate each set of cap-
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Figure 4.12: Ion current plume distributions along (a) pitch and (b) yaw axes for baseline VATs
using Al, Fe and Bi cathodes. I = 50 A pk and average pulse lengths for Al, Fe and Bi are 309,
506 and 3421 µs respectively. Measured deviation angles along pitch and yaw axes have been
corrected to produce centred ICDDs for comparison purposes. Vertical axis is the ion charge
collected by the Faraday cup probe divided by the arc pulse charge.
tured ion plume data to a known distribution (Gaussian, Exponential, etc.). Al and Fe
ICDDs were found to fit an Exponential distribution, whilst Bi’s ICDD followed a Gaus-
sian distribution. Results of each fit are listed in Table 4.6 with its distribution-specific
spread factor and goodness-of-fit indicators (R2 and root mean square error (RMSE)).
The thrust vector was generally found on average to deviate nomore than βT ≤ 10◦ from
the normal thrust axis. This meant that normally-directed thrust was expected to de-
crease no more than 1−cos(10◦)= 1.5%, a small margin of error.
Thrust vector deviation angles appeared to decrease with longer arc pulses and higher
cathode spot numbers, e.g. compare Al and Bi results. This result is expected since the
prolonged presence aswell as greater distribution of spots on the cathode surface should
result in more stable and uniform generation of the VAT plasma jet. Therefore, consid-
eration should be made when operating VATs at short pulses (≤ 1 ms) or with a small
number of cathode spots and their effects on the thrust vector.
Thrust correction factors were calculated for each test case using the method described
in Section 3.6.4, where fitted parameters of the measured plume distributions and spec-
ified thruster geometry served as inputs. Resulting CT values listed in Table 4.6 show
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reasonable agreement to Polk et al.’s (2008) prediction of CT = 0.64 assuming an Expo-
nential distribution. However, all measuredCT values are lower than this predicted value
with differences of 7.8% (Al), 11.2% (Fe) and 21.1% (Bi). For Al and Fe, this could be due
to non-uniform (and initially asymmetrical) erosion of the cathode surface, a behaviour
not properly considered in the theoretical analysis of CT . The resulting Exponential dis-
tribution is an inherent feature of edge-triggered VAT designs and short arc pulses, where
gradual “rounding” of the cathode rod at its edges eventually recedes the location of the
cathode spot(s), reducing the amount of ions being emitted from the thruster.
Table 4.6: Specifications of fitted plume distributions (type, spread factor, goodness-of-fit indi-
cators) and thrust vector deviation angles for baseline VAT designs with Al, Fe and Bi cathodes.
Resulting thrust correction factors for each case are also listed.
Plume distribution specifications
Fit Spread factor R2 RMSE βT (deg) CT
Al Exponential 5.596 ±0.200 0.948 0.012 9.6 ±3.4 0.590 ±0.008
Fe Exponential 6.636 ±0.267 0.934 0.010 8.5 ±2.5 0.564 ±0.006
Bi Gaussian 0.926 ±0.037 0.969 0.018 4.6 ±3.1 0.505 ±0.022
Surprisingly, Bi’s ICDD results show a much narrower distribution compared to Al and
Fe, despite experiencing relatively uniform cathode erosion (Gaussian distribution). The
reason for this may be attributed to the high MP content generated by a low-melting
point cathodematerial like Bi. Macroparticles are known to be generally emitted at shal-
low ejection angles to the cathode surface (Daalder 1976). The absorption of ions byMPs
at these ejection angles may offer an explanation for the narrower ICDD of Bi. Thus, the
presence ofMPsmay in fact negatively affect thruster performanceby reducing the value
ofCT and that broadly assigningCT = 0.6–0.64 to a baseline VAT designmay only be valid
for materials with relatively low to medium erosion rates, i.e. low to moderate levels of
MP production.
4.3.4 Comparisonwith empirical performancemodel
A basic empirical model of VAT performance can bemade using Equation 2.1 and substi-
tuting variables with experimentally measured data from literature (see Table 4.7). This
approach is identical to Polk et al. (2008), except for the use of updated values of CT , ǫ
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and vi . Table 4.8 compares empirical model predictions against nominal VAT lifetime
test performance. Predicted Fe performance shows excellent agreement tomeasured re-
sults. The biggest contrast betweenmeasured andpredicted results occurredwith Al and
Bi. This was due to the higher arc voltages that were experienced with Al and the signif-
icantly higher erosion rate for Bi. The low thrust result for the Al test could be due to
its very short pulse length, which was expected to produce plasma with a higher-than-
usual average ion charge state, which would in turn produce a lower thrust overall. This
conclusion was later confirmedwith subsequent tests on Al cathodes operating at longer
pulses in this study.
Table 4.7: Empirical values used for predicting baseline VAT performance of Al, Fe and Bi cath-
odes
Parameter Al Fe Bi Source
Ion-to-arc current ratio 0.112 0.080 0.102 Anders et al. (2005), Kimblin (1973)
Average Ion charge state 1.73 1.82 1.17 Anders (2001)
Average ion velocity (km/s) 15.4 12.6 4.7 Anders & Yushkov (2002b)
Thrust correction factor 0.590 0.564 0.505 Calc. in this work (see Table 4.6)
Arc voltage 23.6 22.7 15.6 Anders et al. (2001)
Erosion rate (µg/C) 28 48 211* Brown & Shiraishi (1990)
* Erosion rate for Bi are from predicted ion erosion only (Lun et al. 2010).
Table 4.8: Comparison of weight-averaged measured and empirically predicted performance re-
sults for baseline VAT tests using Al, Fe and Bi cathodes. Predicted results are in brackets.
Performancemetric Al Fe Bi
Thrust per arc current, T /I (µN/A) 117 (161) 221 (181) 502 (449)
Thrust-to-power ratio, T /P (µN/W ) 3.2 (6.8) 10.5 (8.0) 42.5 (28.8)
Specific impulse, Isp (s) 382 (584) 398 (385) 40 (217)
Efficiency, η (%) 0.6 (1.9) 2.0 (1.5) 0.8 (3.1)
Both Al and Fe demonstrated specific impulses lower than that predicted by Polk et al.
(2008) and Lun et al. (2010) primarily due to differences in erosion rate values and as-
sumed ion-to-arc current ratios of ǫ= 0.1. Despite its high thrust production, the specific
impulse of Bi is very low (40 s). This is largely due to its high erosion rate. Finally, aver-
age thruster efficiencies were found to vary with cathode material and were situated in
the correct order of magnitude predicted by thrustermodels. The reason VATs in general
have low efficiencies (η≤ 10%) is because most of the pulse energy is devoted to merely
ionising the material (Schein et al. 2002a). It is therefore of great importance that efforts
towards improving VAT efficiency place focus on increasing thrust production (η∝ T 2),
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and reducing power and fuel consumption (η∝ 1/Er , 1/P).
4.4 Summary
A number of vacuum arc thruster prototypes were shown to be successfully and repeat-
edly constructed and tested. Equally important, thruster tests also assisted in the val-
idation and verification of the operation and performance capabilities of various mea-
surement systems and techniques developed in this study. The use of different cathode
fuels, which represented the diverse range of possible cathode materials available for
use, confirmed the wide range of performance levels that can be delivered by VATs. The
effects of material properties and the manner of cathode erosion on thruster behaviour
was also observed in some initial detail. The material-specific transition period to nom-
inal thruster operation after VAT initiation and burn-in was observed and considered in
subsequent performancemeasurements in the project.
Acceptable thruster power levels, thruster lifetimes and general pulse operational condi-
tions were identified and demonstrated. Nominal thruster behaviour produced a range
of performance levels comparable to reported literature and empirical modelling. An
important finding was the specific impulse of mid-performance Al and Fe VAT proto-
types, which delivered more realistic values on the order of 400 s. This approach ac-
knowledges the sensitivity of VAT performance to the arc voltage and erosion rate (MP’s
included), both of which can vary significantly depending on the choice of cathode ma-
terial, thruster’s design, pulse characteristics and operating conditions.
Limitations of the baseline design were identified and the onset of failure modes as-
sessed. For example, the duration or number of fired pulses within an individual VAT
test was practically limited to 104 pulses in this study to (a) minimise the effects of an
absent feeding mechanism on cathode erosion behaviour and plume divergence, and
(b) avoid the onset of thruster failure, which produced erratic vacuum arc behaviour and
large measurement errors. Thus, subsequent thruster test measurements in this study
were taken for at least up to 103–104 pulses to adequately capture sufficient durations of
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stable thruster behaviour.
In conclusion, the successful development of a baseline VAT design has provided the
necessary foundation for amore generalised study of VATs and the exploration of various
design improvement techniques as presented in subsequent chapters.
Chapter 5
Pulse length study
5.1 Introduction
This chapter considers the effect of arc pulse length on VAT performance and behaviour
with particular attention given to millisecond-long pulse lengths, an operational condi-
tion largely ignored in VAT literature. An understanding of the relationship between arc
pulse length and cathode surface erosion is initially established. This aspect of VAT de-
sign sets the tone for a broad and systematic exploration of the consequences of such a
relationship on plasma jet behaviour, ion production and potential implications for VAT
design philosophy and performance.
5.2 Method
Thruster prototypes following the baseline VAT design with Al, Fe, Cu and Bi cathode fuel
rods were used in this study. Numerous prototypes were prepared and operated such
that each VAT was test fired with a desired median pulse length within the range of 150–
4500 µs long. The pulse length was roughly controlled by modifying and tuning the in-
ductive energy storage pulse circuit for each thruster test to achieve the desired arc pulse
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waveform characteristics (see circuit description in Section 3.3). Peak arc currents of 25,
50 and 100 Awere selected for study, where themajority of tests were run at 50 A peak arc
current. Thruster firing rates ranged from 1 to 10 Hz in order to (a) control average power
level and (b) generate sufficient levels of average thrust for accurate thrustmeasurement.
Detailed thrust, ICDD, ion current and erosion rate measurements were undertaken on
each VAT prototype to characterise their behaviour and performance. The typical test
procedures, methods and analysis for eachmeasurement type is described in Chapter 3.
5.3 Results & discussion
5.3.1 Erosion tests
Thruster prototypes operating at long pulse lengths (≥ 1000 µs) tended to producemore
uniform erosion of the cathode rod face, where there was sufficient time for the cathode
spots to travel over the surface area to erode it before the arc pulse extinguished. Figure
5.1 shows examples of erosion patterns on Bi and Al cathodes operating with short and
long arc pulse lengths. Long pulses (2–3ms) showed very uniform erosion of the cathode
surface compared to the use of short pulses (250–500 µs), where erosion only took place
up to ∼ 1 mm from the cathode edge. In the case of Al, erosion was initially restricted
along one side of the cathode rod, but would be expected to eventually erode the entire
cathode edge after an extended period of time (as seen with Bi).
Thus, the arc pulse length played a critical role in how the cathode eroded depending on
the size of the cathode surface area. Generally stated, a larger-sized cathode (e.g. 6 mm
dia.) requires a much longer pulse length than would be required for a smaller cathode
(e.g. 3 mm dia.) to achieve uniform erosion (e.g. 500 µs vs. 2 ms). This finding is in
agreement with Pietzka et al.’s (2013) encounters with VAT design discussed earlier in
Section 1.3.4.
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Figure 5.1: Comparison of erosion uniformity between short (250–500 µs) and long (2000–3000
µs) pulses on (a) Bi and (b) Al cathodes. Majority of erosion extends up to 1 mm from cathode
edgewhen using short pulses, whilst long pulses produce near-uniform erosion. Peak arc current
I = 50 A.
Table 5.1: Comparison of selected erosion rate results for Al, Fe, Cu and Bi cathodematerials in a
baseline VAT design operating with long and short pulses. Peak arc current is I = 50 A.
Pulse type tp (µs) P (W) f (Hz) Er (µg/C) Diff.
Al Long 1906 15.7 7 31.9 ±0.6
+2.2%
Short 156 8.1 50 31.2 ±0.6
Fe Long 2213 5.4 3 75.5 ±1.1 +71.6%
Long 2366 0.4 0.25 76.5 ±2.0 +73.9%
Short 236 1.6 20 44.0 ±1.1
Cu Long 1420 5.5 2 83.5 ±2.1
+72.5%
Short 166 3.0 20 48.4 ±1.7
Bi Long 2130 0.8 2 1267.4 ±3.6
+34.0%
Short 185 0.6 5 945.5 ±12.0
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Table 5.1 compares selected erosion rate test results for both short- and long-pulsed op-
eration using a variety of cathode materials run at I = 50 A peak arc current. In each
material case (with the exception of Al), operating VATs with longer arc pulse lengths was
found to increase the cathode erosion rate due to the greater heat load imposed on the
cathode rod. These results are in agreementwith work byDaalder (1975) and Shalev et al.
(1986), who found that increases in arc current levels, pulse length and overall cathode
temperature for various cathode materials had an exponential effect in increasing the
erosion rate. In essence, all materials will eventually experience large increases in ero-
sion rate given sufficient input heat load. The operating point at which this begins to
occur will vary depending on the material and electrode size. Al (which has a high ther-
mal conductivity) did not increase in this case simply because the input heat load in this
particular test was below the materialâA˘Z´s threshold of excess melting.
With reference to the listed material properties in Table 4.2, cathode materials with a
combination of high thermal conductivity and high melting point were noted to gen-
erally produce lower erosion rates. However, an exception in the behaviour of Cu was
seen, which showed a significant increase in Er compared to Al, whose Er values were
highly resilient to increases in pulse length. This is puzzling given that Cu possesses a
higher thermal conductivity andmelting point compared to Al. This disparity cannot be
sufficiently explained at this time.
An important finding of this erosion study was that the pulse length plays amuch greater
role than the average power level in determining the cathode erosion rate. Examples in-
clude: (1) Fe producing the near-identical erosion rate result (∼76 µg/C) during long-
pulsed operation irrespective of average power level (0.4 W vs. 5.4 W), and (2) Bi pro-
ducing a 34% increase in erosion rate with a longer pulse despite operating with a low
average power level (≤ 1W). These results suggest that it is the local heat conditions near
the cathode spot emission sites that are mainly responsible for the cathode erosion.
Average power levels above a certain value are assumed to only begin taking effect once
the overall cathode temperature rises to the point of gross melting (dependant on an
individual material’s thermophysical properties). Interestingly, Fe’s erosion rate reached
an upper asymptotic limit of Er ∼ 75 µg/C at approximately 2500–3000 µs pulse length
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(Figure 5.2). This suggests that theremay be a limit to the effect of arc pulse length on the
erosion rate on a cathode of this size (coincidently, the maximum value of Er measured
here is nearly identical to that measured by Kimblin (1973) on a 25 mm dia. cathode
operating at I = 200 A, tp = 520 ms).
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Figure 5.2: Erosion rate results for baseline VATS operating at various pulse lengths for (a) Al, Fe,
Cu and (b) Bi cathodes. Peak arc currents in the 15–100 A range are studied.
Figure 5.2 expands Table 5.1’s results by plotting erosion rate test data over a wide range
of median arc pulse lengths (150–3500 µs) and peak arc currents (I = 15, 25, 50, 100 A) for
various cathode materials. As before, cathode erosion rate is generally seen to increase
with increasing arc pulse length.
The erosion rate of Al and Cu was shown to be insensitive to the peak arc current in
the 50–100 A range, most likely due to the good thermal conduction of these materials.
However, a surprising result is that erosion rates for Fe and Bi are higher at 50 A peak arc
current than either the 15, 25 or 100 A peak arc currents. As expected, a lower peak arc
current causes a lower heat load and hence lower melting. Conversely, a high arc current
ought to produce a higher heat load and erosion rate. However, the lower erosion rate
values at 100 A peak arc current (higher heat load) in the case of Fe and Bi are counter
to this argument. One possible explanation is that operating at a higher arc current was
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sufficient to generate additional cathode spots on the surface of Fe and Bi at the begin-
ning of the pulse. These spots are more likely to spread out and cover more surface area,
eventually distributing the arc heat load to a level lower than would be experienced at 50
A and resulting in a lower erosion rate. Complementary evidence for this view is given
in the situation of Cu, which showed no change in erosion rate with varying arc current
at short pulses (50 and 100 A), suggesting that no change in heat distribution on the Cu
cathode surface occurred. This result is in agreement with observations by Djakov &
Holmes (1971) and Beilis et al. (1997) who found that Cu maintained a single cathode
spot for arc currents I ≤100 A. In conclusion, the erosion rate is largely influenced by
the local heat load, which is a function of not just the peak arc current, but also of the
cathode spot distribution, and the interaction of both these factors.
5.3.2 ICDDmeasurements
Significantly larger ion charge ratio values1 were observed when baseline VATs were fired
at increasingly longer pulses as shown in Figure 5.3. In general, a considerably greater
increase in charge emitted was found to occur in front of the thruster than at its outer
radial edges, where the largest increases (up to 200% or more) were seen of Al’s and Fe’s
J¯ values along the thrust centreline. The behaviour of increasing ion charge ratios also
appeared to be consistent for I = 50 and 100 A (at least in the case of Fe). However, there
was a limit to this effect for Bi, which showed virtually no change in ion charge ratio
values beyond a pulse length of 1500 µs. The slightly higher J¯ values at a very short pulse
of 132 µs compared to 506 µs in Fe is likely due to the higher average charge state of the
ions being produced under the shorter pulse length condition.
The large increases in collected ion charge per given input arc charge during long-pulsed
operation is a surprising result. Conventional understanding of vacuum arc behaviour
and operation says that ion production rate should be linear to arc charge. As such, there
ought be no change in the magnitude of the ion charge ratio collected regardless of de-
livered arc charge (integral of arc current with respect to arc pulse length). Indeed, a
1The ion charge ratio parameter was defined and motivated for use in ICDD measurements in Section
2.3.2.
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comparison of Fe’s ICDD results at short pulses for both 50 A and 100 A peak arc currents
yielded similar levels of peak ion charge ratio along the thruster centreline (ICDD pro-
file shapes of 50 A and 100 A are slightly different because a greater number of cathode
spots are present at higher arc currents, which creates a more uniform spread of plasma
flux (Gaussian distribution) compared to the Exponential distribution typically gener-
ated under low arc current operation).
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Figure 5.3: ICDD results for baseline VATS operating at various pulse lengths using (a) Al, (b) Fe
and (c) Bi cathodes. Peak arc currents I = 50 A for (a)–(c) and I = 100 A for (d). For conciseness,
only pitch data is shown in detail here.
There are three possible causes for the increase in measured ion signals:
1. A higher ion charge state can give the appearance of higher ion charge ratio when
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detected by the FC probe. However, this is unlikely to be the case here because of
Anders’s (1998) observed decrease of average ion charge state with pulse length. In
fact, operating at millisecond-long pulse lengths may have actually decreased the
average ion charge state even further than had been previously thought due to in-
creased charge exchange collisions with lesser-charged ions and neutrals (Anders
& Yushkov 2007).
2. Chargedmacroparticlesmay have been captured by the FC probe and contributed
to the total charge signal. Operating for long pulses gives sufficient time (roughly
500µs) for thesemacroparticles to travel across the test setup drift length (230mm)
and potentially enter the FC probe. However, macroparticles are mostly ejected
at large angles to the normal. This would have caused an increase in collected
charge at wide pitch and yaw angles, which was not observed here. In fact, the
largest increases in ion signal are observed directly in front of the thruster. Thus,
macroparticles are also ruled out as a cause for the increase in ion signal.
3. The final remaining possibility is the generation of additional ions in the near-
cathode spot region(s) or in front of the VAT. This can occur as a result of increased
charge exchange (CEX) collisions between ions and neutrals (or even small MP’s)
to produce a surplus of (lower-charged) ions within the plasma flux. The highest
growth rate of J¯ seen along the thruster centreline suggests that most of the CEX
takes place within the centrally-located region of the plasma jet.
A good question to ask is whether there is a sufficient amount of eroded cathodematerial
in the form of neutrals or small macroparticles that could be converted into additional
ions. With reference to published estimates and measurements of ion and total erosion
rates under “standard conditions” as shown in Table 4.4, it can be seen that at least 30–
50% of eroded material is available for additional ionisation. Thus, reported increases
in ion production rates at longer pulses are within possible limits of available cathode
material.
Using data from Figure 5.3, a plot of peak ion charge ratios emitted along the thruster
centreline with respect to the arc pulse length reveals different growth rates of J¯ depend-
ing on the cathode material, shown in Figure 5.4. All materials show similar near-linear
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increases in peak J¯ up to 1–1.5 ms, but then diverge at different rates as the pulse length
is extended further. Least-squares fit trend lines through test data in Figure 5.4 indicate
that Al has a quadratically increasing peak J¯ with tp , Fe maintains a linear increase in
peak J¯ and Bi has a quadratically-decreasing J¯ with tp (trend line parameters are listed
in Table 5.2).
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Figure 5.4: Growth of peak ion charge ratios along thruster centreline with pulse length. Cathode
materials Al, Fe and Bi each show different growth behaviour. Peak ICDD test data taken from
Figure 5.3 (a)–(c) where peak I = 50 A.
Table 5.2: Trend fit specifications for peak ion charge ratios J¯ (µC/C) against median pulse length
tp (µs) as shown in Figure 5.4.
Fit type Fit equation Coefficients RSME
a b c
Al Quad. J¯ = at2p +btp +c 4.383×10−8 7.041×10−5 0.153 0.000
Fe Linear J¯ = btp +c 14.75×10−5 0.058 0.010
Bi Quad. J¯ = at2p +btp +c −1.619×10−8 9.826×10−5 0.134 0.008
One interpretation of this behaviour is that all materials initially experience exponen-
tially increasing ion flux production rates with increasing arc pulse length. However,
the material’s thermal properties ultimately limit the level and rate of flux growth by
increased melting and gradual increase of MP presence in the plasma jet (observed as
an increase in erosion rate as previously discussed in Section 5.3.1). At some point, in-
creased heating and melting at ever-longer pulses is sufficient to completely halt the
growth of ion flux and possibly reduce it to lower levels (as seen with Bi).
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Techniques or design approaches to limit the growth of MP’s may allow further growth
in ion production rates, e.g. using larger cathodes or increased spot motion. Thus, this
work proposes that a given cathode design will have a unique maximum ion flux pro-
duction rate per input arc current, which depends on the arc pulse characteristics, spot
behaviour, cathode size and cathodematerial. These findings highlight the careful trade-
off that must be made by the designer between the generation of ions and MP’s when
developing VAT and vacuum arc ion sources.
Table 5.3 lists the resulting ICDD parameters against pulse length for Al, Fe and Bi cath-
odes. Results indicate that operating at longer pulse lengths causes the ICDD to transi-
tion from an Exponential distribution to a Gaussian distribution. This occurs because
there is a greater amount of time for the cathode spots to traverse the cathode surface
and uniformly emit plasma instead of being locally restricted to the cathode edge. Thus,
in the case of arc currents as low as 50 A peak, operatingwith long pulse lengths improves
the averagemomentum transfer of ions in the normal direction by influencing the ICDD.
Table 5.3: Test parameters and results (distribution type, spread, goodness-of-fit, thrust correc-
tion factor) for ICDDmeasurements at various arc pulse lengths. Data fromFigure 5.3 is included.
Pulse characteristics ICDD parameters
I (A) f (Hz) tp (µs) Dist. Spread R
2 CT
Al 50 10 309 Exp 5.596 0.948 0.590
50 6 1027 Gauss 1.453 0.969 0.723
50 6 2161 Gauss 1.154 0.985 0.619
100 10 1150 Gauss 1.139 0.937 0.613
Fe 50 10 132 Exp 6.300 0.961 0.571
50 10 506 Exp 6.636 0.934 0.564
50 10 1416 Gauss 1.431 0.977 0.717
50 3 2802 Gauss 1.197 0.982 0.637
120 10 387 Gauss 1.232 0.966 0.651
100 10 2075 Gauss 1.191 0.977 0.635
Bi 50 2 358 Gauss 1.065 0.986 0.579
50 2 1448 Gauss 1.154 0.992 0.619
50 1 3421 Gauss 0.926 0.969 0.505
50 10 4541 Gauss 0.986 0.978 0.538
100 10 3282 Gauss 0.879 0.985 0.477
A plot of thrust correction factors2 shows a more detailed picture of its relation to arc
2See Section 2.3.1 for definition.
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pulse length. For example, Figure 5.5 reveals what appears to be an optimum CT region
occurring in the tp = 1000–1500 µs range for all materials tested at I = 50 A peak (as high
as 0.72 for Al and Fe, spreadw ∼1.4). Thismay have to do with the previously-mentioned
ICDD shape transition from an Exponential to a widely-spread Gaussian distribution. As
the pulse length increases further, the ICDD becomes narrower, resulting in a lower CT
value until the cathode is saturatedwith cathode spots, approximating a cathode surface
with uniform emission of ions (e.g. see Bi results).
Testing Fe at higher arc currents (I = 100 A peak) as indicated in Figure 5.5 showed that a
higherCT value can occur at short pulses. This is attributed to the increased number and
distribution of cathode spots that tends to produce a Gaussian-shaped ICDD. However,
this condition appears to keep CT relatively constant at 0.64–0.65 throughout the arc
pulse length range.
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Figure 5.5: Thrust correction factor results for baseline VATS operating at various pulse lengths
using (a) Al, (b) Fe and (c) Bi cathodes. Peak arc currents of 50 A and 100 A are studied.
No significant changes in CT were seen for Bi operating at I = 100 A. This is most likely
due to Bi already having a large number of cathode spots present in either case of I = 50
A or 100 A. The lower CT value in Al at I = 100 A remains unexplained. It may have to do
with a poorer-shaped Gaussian distribution fit (R2 = 0.937) compared to the rest of the
ICDD data set (typ. R2 = 0.97–0.99) or it may provide further evidence that operating the
VATs at I = 50 A is a special case as was initially observed in the erosion rate data of Figure
5.2.
CHAPTER 5. PULSE LENGTH STUDY 132
The behaviour of the thrust correction factor also indicates some material dependence.
Although all materials exhibit similarCT values under an Exponential distribution, oper-
ating at longer arc pulses resulted in some material differences. Both Fe and Al continue
to follow similar behaviour inCT , whilst Bi produces lower increases ofCT and then fur-
ther decreases in the 3–5 ms pulse length range. Thus, Bi at 3–5 ms represents a special
case where two effects are doubly reducing the value ofCT . The first is the growth restric-
tion of ion production rate as seen in Figure 5.4 and the second is the narrowing of the
ICDD. Both effects can be attributed to the extraneous release of MP’s, which impedes
the ion flux (see also discussion in Section 4.3.3).
5.3.3 Ion current
Measurements of ion-to-arc current ratios for baseline VATs operating in both short and
long pulses under the same single test setup are shown in Table 5.4. Increases of 10.4–
16.6% in ǫwere seen across allmaterials tested, with greater increases formaterialswith a
higher thermal conductivity and boiling point. This result further verifies that operating
VATs at longer arc pulse lengths increases the rate of ion production.
Table 5.4: Comparison of averaged ion-to-arc current ratio results for Al, Fe and Bi cathode ma-
terials in a baseline VAT design operating with long and short pulses. Peak arc current is I = 50
A.
Pulse type tp (µs) f (Hz) ǫ (%) Diff.
Al Long 1610 10 8.86 ±0.28
+16.6%
Short 117 6 7.60 ±0.22
Fe Long 2156 6 9.25 ±0.12
+12.7%
Short 228 5 8.21 ±0.12
Bi Long 2492 2 6.17 ±0.11
+10.4%
Short 256 5 5.59 ±0.15
Ion-to-arc current values for Al and Bi are somewhat lower (32–45%) than that measured
byAnders et al. (2005) andKimblin (1973), whilst Fe shows excellent agreement (3%)with
literature (see Table 4.7). Potential causes for this discrepancy may have partially to do
with the recession of the cathode within the thruster over the course of the tests, where
the electrode configuration of the baseline VAT in this study was such that the cathode
and insulator were receded 0.5 mm from the anode face. However, this configuration
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was expected to produce no more than 5–10% lower ion current compared to the flush
electrode designs used in literature. Further study is required to explain these lower-
than-expected values.
5.3.4 Thrust tests
To further investigate the effect that long pulses have on VAT behaviour and perfor-
mance, thrust measurements were conducted on baseline VATs over a wide range of
pulse lengths and cathodematerials (Al, Fe, Cu and Bi). Figure 5.6 presents consolidated
thrust data for all cathode materials taken from multiple thrust datasets measured over
a period of several months. Data shows an increasing trend in thrust production rates
(represented here as the ratio of pulsed thrust per average arc current or T /I ) with in-
creasing median pulse lengths across all materials tested at I = 50 A peak. Average thrust
per arc current values at tp = 2000 µs were shown to be 11.0–24.9% higher (depending on
the cathode material) compared to T /I values measured at tp = 500 µs. These thrust re-
sults run counter to conventional understanding of VATs, which assumes that the thrust
production rate should remain constant and relatively independent of arc current levels
and pulse duration (within Region E of Figure 1.3).
The cause of the enhanced thrust production effect is not immediately clear. The ob-
served rise in T /I against tp across different materials operating at the same arc current
level suggests that the number of cathode spots present on the surface does not play a
significant role here. The arc currents used in this study are also considered too low for
appreciable spot interaction (e.g. due to self-magnetic fields) to take place. Increases
in T /I could be explained by both the measured ∼10% increase in total ion current and
∼10% increase in CT when operating VATs with long arc pulses – giving a ∼20% total
increase in thrust. However, the significant increases in J¯ values observed in the ICDD
tests (up to 100–200% increases along thruster centreline) do not fit this explanation. Fu-
turemeasurements of ion charge state distributions and ion energies within long-pulsed
vacuum arc plasmas may help shed further light on this mystery.
Additional thrust testsmay provide more insight into themechanism of enhanced thrust
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Figure 5.6: Average thrust per current results for baseline VATs using Al, Fe, Cu and Bi cathodes
operating at 50 A peak arc current at various pulse lengths. All thrust data here is shown for VATs
firing up to no more than a total cumulative arc pulse charge of ∼80 C. Error bars have been
omitted for visual clarity.
production. For instance, detailed thrust results for Fe presented in Figure 5.7 show that
long-pulsed thrust tests running at 25 A and 100 A peak arc current produced differences
in thrust production behaviour compared to the 50 A peak tests. Whilst T /I values for Fe
running at I = 25 and 100 A peak appeared to also follow an increasing trend with pulse
length, both datasets were below the 50 A average trend line. This observation suggests
that, at least for the case of Fe, operating the baseline VAT at I = 50 A peak represents
a special case of VAT operation – a trend consistent with erosion and ICDD results pre-
sented earlier. Indeed, test observations showing that the baseline Fe VAT delivers both
its largest increase in thrust production (21.3% incr. in T /I to 262 µN/A, tp = 2000 µs) as
well as its largest increase in erosion rate (71.6% incr. in Er to 75.5 µg/C, tp = 2213 µs)
when operating at I = 50 A and ∼2 ms long arc pulses, suggesting a correlation between
the two effects.
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Thrust tests results on other cathodematerials show some agreementwith this argument
(see Figures D.1 and D.3 in Appendix D). For example, Al showed no observable differ-
ence in T /I values for I = 50 and 100 A peak, whilst Bi at I = 100 A peak produced lower
T /I values compared to 50 A. This behaviour of Bi could be attributed to the presence of
additional neutrals or MP’s in the plasma plume when operating the VAT at such a high
cathode heat load, thus reducing the ion flux. This issue would be absent in Al, which has
a higher capacity to absorb the heat load at high arc currents. Thus, a connection exists
between the thermal load present duringmillisecond-long arc pulses and the production
of ions (and thrust).
It should be noted that the thermal load at which the enhanced thrust effect becomes
most significant is also governed by the size or surface area of the cathode being used.
The broader implication is that long-pulsed VATs utilising cathodes of a certain size will
be required to operate with a specific set of arc pulse characteristics (arc current level
and pulse length) to experience themaximum effect of this enhanced thrust production
mode. In this study, the maximum observed thrust benefit was attained within an oper-
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Figure 5.7: Average thruster per current results for baseline VATwith Fe cathode operating at 50 A
peak arc current at various pulse lengths. A linear fit (for visual purposes and appropriate within
the range and scope of study) through 50 A data shows an increase in average thrust production
with increasing pulse length from 216 µN/A at 500 µs to 262 µN/A at 2000 µs (21.3% increase).
CHAPTER 5. PULSE LENGTH STUDY 136
ating region of I = 50 A peak arc current, tp = 2000–4000 µs on a cathode rod of 6.35 mm
diameter.
5.3.5 Proposedmechanism for enhanced ion and thrust production rates
Vacuum arcs emit significant amounts of neutral particles. This occurs not only from
currently-active cathode spot emission sites, but also from previously-formed sites or
craters long after the cathode spot has moved to a different location. This is because
these sites are still sufficiently hot from the intense local heating by the vacuum arc to
evaporate neutral particles. When the vacuum arc pulse exists up to a certain duration,
there may be sufficient time for these excess neutrals to leave the surface, subsequently
collide with and become ionised by surrounding plasma emitted from new spot emis-
sion sites. The result is an increase in the amount of ions available to provide additional
plasma jet momentum. Since all cathodematerials emit neutrals, this could explain why
all cathode materials tested experienced an improvement in thrust production regard-
less of their vacuum arc plasma properties.
It is also assumed that increased CEX between ions of high and low charge states oc-
curs during longer arc pulses as hinted at by Anders et al. (2007b). This has the effect of
lowering both the average ion charge state and energy of the plasma (see Section 1.3.3
and Equation 2.1). Unfortunately, the degree of additional CEX that might be occurring
cannot easily be measured with the present method of testing. This is because changes
in the average charge state of ions cannot be detected by the FC probe and ion collec-
tor since the total charge of the plume remains preserved during capture. It is only the
contribution of additional charge by CEX between ions and zero-charge neutrals (intro-
ducing “new” momentum-contributing particles into the plasma) that is being detected
by the probes.
There are likely to be limits to which thrust production is enhanced under long-pulsed
VAT operation. For example, operating at very long pulses (e.g. ≥5–10 ms) could result
in an excess of neutrals andMP’s due to increased heating of the cathode, potentially re-
ducing ion production as suggested by the arrested growth of peak J¯ in Bi ICDDdata (Fig-
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ure 5.4). Excess neutrals may also significantly reduce the average ion energy (Anders &
Yushkov 2007) such that the netmomentumof the ions is reduced rather than enhanced.
The effect that operating VATs at long arc pulses lengths has on average ion velocity re-
mains unknown at this stage. Finally, excessive cathode heating can lead to accelerated
growth of the erosion rate, which is detrimental to the VAT’s specific impulse. In conclu-
sion, this study shows that a more nuanced relationship exists between thrust, neutral
production andMPs than was previously acknowledged.
5.3.6 Overall performance
An overall view of the typical specific impulse performance of baseline VATs operating
with long pulses is given in Table 5.5. For comparison, VATs operating with short pulses
are also provided. Average erosion rate data was taken from Table 5.1, whilst average T /I
data was obtained by interpolating against the average linear trend lines of Figure 5.7
and other figures in Appendix D. Specific impulse values for each thruster are calculated
using Equation 2.3. For example, in the case of Al (tp = 156 µs), Isp = (133.3/31.2)/9.81×
103 = 436 s.
Table 5.5: Comparison of thruster performance for selected baseline VAT designs for Al, Fe, Cu
and Bi cathodes operating with short and long pulses. Peak arc current at I = 50 A.
tp (µs) T /I (µN/A)
† Er (µg/C) Isp (s) Diff.
Al 156 133.3 31.2 436
+24.5%
1906 170.0 31.9 543
Fe 236 207.3 44.0 480
-24.4%
2213 268.6 75.5 363
Cu 166 185.5 48.4 391
-29.2%
1420 226.9 83.5 277
Bi 185 355.0 945.5 38
-13.2%
2130 407.5 1267.4 33
† Estimated by linear interpolation of T /I trend line in Figure 5.7.
In most cases, operating the baseline VATs with long arc pulse lengths did not guarantee
an improvement in the specific impulse efficiency of the thruster. Although long-pulsed
VATs generated appreciably higher thrust per arc current values (11.0–24.%), their ero-
sion rates were also significantly higher (typ. 34.0–73.%) compared to short-pulsed VATs.
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The net result is that despite the thrust improvement, the long-pulsed VATs were found
to have 13.2–29.2% lower Isp values.
An exception is made of Al, which was able to maintain a stable erosion rate for both
short and long arc pulse lengths. This meant that the baseline Al VAT was able to achieve
a 24.5% increase in specific impulse (543 s) when operated with long pulses. This result
is important because it shows that a greater erosion rate is not a prerequisite for a higher
thrust production rate, i.e. the additional ion flux originates from neutrals that could al-
ready be present during “standard” VAT operating conditions (short pulses). This implies
that any means of reducing the excess erosion rate due to the increased thermal load on
the cathode surface could potentially allow a long-pulsed VAT to accomplish gains in
both thrust production and specific impulse.
5.3.7 Comments on surface contaminants and gas absorption
Studies by Yushkov & Anders (1998) found that the pulse repetition rate can affect the
composition and ion CSDs of metallic vacuum arc plasmas. By operating at “standard”
vacuum arc conditions (50–300 A, 250 µs) and low pulse frequencies (e.g. ≤ 1–5 Hz), the
plasma composition was found to tend towards a lower average ion charge state because
of the absorption of residual gases and formation of oxide monolayers by the cathode
surface between pulses. Vacuum levels were also shown to influence the formation time
of monolayers, with poorer vacuums generating monolayers at shorter times. Vacuum
test pressures used place monolayer formation time on the order of 0.3–0.5 s, i.e. 2–3 Hz
for this work, which was close to the operating conditions experienced in a number of
long-pulsed VAT thrust tests. Thus, surface contaminants could possibly result in lower
average ion charge states, which may not be evident at higher vacuum levels (e.g. 10−7
Torr).
However, a comparison of several long-pulsed ICDD and thrust datasets operating either
in this transitional pulse frequency region or at higher frequencies (e.g. 10 Hz) failed to
show any detectable differences in ion production or thrust fromone another, or showed
behaviour contrary to what was expected of surface contamination effects. Addition-
CHAPTER 5. PULSE LENGTH STUDY 139
ally, lower average ion charge states would have resulted in a shift of ICDD data across
all capture angles, which was not observed here. Thus, despite operating at low pulse
frequencies, the performance of long-pulsed vacuum arcs did not appear to be signifi-
cantly affected by the possible presence of residual gases and surface contaminants in
this work. Further study, especially at very high vacuum levels will help verify the pres-
ence and extent of this possible but unlikely influence.
5.4 Summary
This study has presented experimental performance data of long-pulsed VATs operat-
ing in a different manner to that seen in traditional short-pulsed VATs. New erosion
rate, ICDD and thrust data on baseline VATs operating in the 150–4500 µs range of pulse
lengths was obtained, extending available literature on the performance and behaviour
of cathode materials under different pulse conditions. The previously untested VAT op-
erating region was found to cause enhanced rates of ion and thrust production during
millisecond-long arc pulse lengths, challenging conventional understanding of VAT op-
eration and vacuum arc behaviour.
In agreement with literature, cathode erosion rates were found to increase (significantly,
in the case of Fe, Cu and Bi) with longer pulse lengths due to the increased cathode heat
load. The study also showed that the erosion rate was largely governed by local heating
of the cathode (pulse length) rather than average heat distribution (average arc power).
The number of cathode spots present on the surface was also surmised to influence the
cathode erosion rate in a way that higher arc currents (≥100 A) can sometimes lead to a
lower erosion rate due to better spot distribution andmotion.
ICDD measurements showed significant increases in captured ion charge of up 200%
along the thruster centreline when operating with long arc pulses, indicating enhanced
ion production. However, total ion current measurements found only up to a 16.6% in-
crease during long-pulsed operation. The discrepancy between these ion data must be
further explored.
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The previously assumed “standard” thrust correction factor range of 0.64 by Polk et al.
(2008) serves only as a rough guideline in the design of VATs . In reality, the value of CT
was found to rely on a host of factors, such as the cathode material, the arc pulse length
and the arc current. Other influences such as the manner of cathode spot distribution,
erosion coverage on the cathode surface aswell as interference frommacroparticleswere
also indicated. The highest-value thrust correction factor ofCT = 0.72 was found to exist
for Al and Fe operating at 50 A peak arc current and 1–1.5 ms pulse length, delivering a
Gaussian-shaped ICDD with a spread factor of w ∼1.4. Further study on MP production
in long-pulsed VATs is also needed to better understand its effects on the VAT plasma jet
and thrust performance.
Improvements in average thrust per arc current ranged from 11.0–24.9% depending on
the cathodes material at I = 50 A peak. Charge-exchange collisions between ions and
neutrals within the plasma are put forward as the most plausible explanation of the ob-
served increases in ion and thrust production, where the average ion charge state is low-
ered and neutrals are ionised to contribute additional ion flux to the plasma jet. Further
measurements of the ion properties such as the charge state distribution and energy lev-
els should be done to help verify and expand on this hypothesis.
Improvements in the thruster specific impulse were not guaranteed. The significant in-
creases in erosion rate for many of the cathode materials due to the increased thermal
load present during long arc pulses was sufficient to overcome the thrust production
gains and actually reduce the Isp by as much as 29.2%. However, the performance of Al
shows that Isp gains are possible if the thermal load can be successfully managed.
A region of maximum specific impulse operation likely exists for each cathode of a cer-
tain size (thermal capacity), material composition and arc pulse characteristics (current,
pulse shape, length). The particular example found here was the use of arc pulses con-
sisting of I = 50 A peak and tp ≈ 2000 µs, which was found to be a distinct test case across
all types of measurements on the baseline VAT design, where the common denominator
was a cathode of diameter 6.35 mm.
Chapter 6
Cathode shape study
6.1 Introduction
This chapter explores the use of conical surfaces as an alternative cathode geometry to
the flat profile of traditional cathode designs used in VATs. Experimental observations
and theoretical modelling within related disciplines of laser ablation and nuclear fusion
have shown that the ablation of conical surface geometry and convergent plasma flows
can produce a significantly different plasma jet emission compared to that from a sin-
gle or planar plasma jet source. This work presents preliminary studies on the effect of
cathode surface shape on the VAT plasma jet’s behaviour and thruster performance.
6.2 Method
6.2.1 Cathode design
Due to practical design and time constraints, only one cathode diameter size (6.35 mm)
was investigated. Al, Fe and Bi metals were chosen as test cathode materials based on
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the wide range of density and thermophysical properties these elements possess. Three
concave conical profiles with cone angles of α = 90◦, 120◦ and 135◦ were each machined
out of the baseline cathode rods for each material (Figure 6.1b). The flat cathode profile
of the baseline VAT design (α= 180◦) was also tested to act as a reference cathode design
for results comparison (Figure 6.1a). Each conical cathode was mounted flush to the
insulator to ensure good edge contact at the thruster front face. The anode electrode
was installed 0.5 mm above the insulator tube and cathode to ensure a good line of sight
with the cathode for improving the average travel path of electrons flowing across the
interelectrode gap.
α
Cathode
Anode
Insulator
(a)
Cathode
Anode
Insulator
(c)
(b)
Figure 6.1: Illustration of thruster geometry used in this study with (a) flat and (b) concave cath-
ode surface profile defined by cone angle α. VATs with conical cathodes prepared for testing are
shown in (c).
6.2.2 Choice of arc pulse characteristics
Although operating the VAT at much higher arc currents (100 A to kA range) assists in
spot coverage (e.g. see Neumann et al. (2009)), the small-sized cathode rods in this study
tended to experience significant heating at peak arc currents of 100 A and above. This re-
sulted in poor erosion performance of the conical cathodes rods, which in turnproduced
poor ICDD and thrust data. Operating at high pulse frequencies (≥ 10 Hz) also tended to
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easily overheat the long-pulsed VATs and generate poor or erratic results. Thus, conical
Al, Fe and Bi VATs in this shape study were limited to operating at 50 A peak arc current
and pulse frequencies of 6, 3 and 1 Hz respectively. The resulting average thruster power
levels were kept as low as practically possible at 15–20 W for Al, 5–10 W for Fe, and 1 W
for Bi.
Arc pulse lengths used in this shape study were in the millisecond range. Although VAT
pulses of 250–500 µs long have traditionally been used, a reasonably long pulse was re-
quired in this study to ensure as uniform erosion of the cathode as possible. This be-
haviour was necessary to ensure that the cathode profile geometry could be maintained
for as long as possible during a test. Testing with short pulses generally resulted in only
the cathode rod edge being eroded, with little/no erosion at the cathode centre. By us-
ing a sufficiently long arc pulse time, cathode spots were able to reach the centre of the
cathode rod face and ensure that the full effect of the cathode electrode shape could be
utilised and observed. Initial results suggested that the effect of arc pulse length on per-
formance needed to be examinedmore closely.
6.2.3 Test setup
Analysis of arc pulse behaviour, erosion rates and behaviour, ICDD profiles and thrust
from conical cathode VATs was extensively undertaken. ICDD tests were prepared in
the same fashion as described in Section 3.6 and conducted with a FC probe distance of
230mm from the TARS central thruster head assembly. Tominimise the effect of setup or
thruster build variation on ICDD measurements, thrusters were tested in random order
of conical designs and cathode materials. Thrust measurements were conducted with
the direct thrust stand (see Section 3.4) and were also randomised by mounting 2 or 3
thrusters with a different combination of conical design and/or cathode material on the
thrust stand for any one set of tests.
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6.3 Results & discussion
6.3.1 Arc pulse behaviour
Figures 6.2 and 6.3 display measured average arc voltage and pulse lengths for various
cathode materials operating with various cone angles. Visual observation of VAT oper-
ation showed increasing instability of the arc as narrower cone angles were tested. This
generally resulted in a rise of the average arc voltage with cone angle. In addition, diffi-
culty was experienced in generating sufficiently long pulses for tests on 90◦ cone angles,
especially for Al. Both sets of behaviour can be explained by considering the geomet-
ric differences between the baseline VAT and the conical VAT as previously illustrated in
Figure 6.1. In general, themore recessed the cathode surface is, the greater the interelec-
trode gap becomes and the higher the arc voltage needs to be to sustain the vacuum arc
pulse. Beyond a certain gap distance, the vacuum arc is unable to sustain itself and the
arc extinguishes before the arc chopping limit is normally reached. Due to this effect, the
shorter pulse lengths present in conical cathode tests were appropriately acknowledged
and considered where possible during evaluation of test data in this part of the study.
An exception to this behaviour was Bi, which did not show appreciable drops in average
arc voltage or median pulse length with varying cone angle. Thismay have to do with the
low-melting point of Bi, which caused the cathode to generate a large amount of neu-
trals during the vacuum arc, thus providing a highly conductive medium for sufficient
electron flow to occur within the interelectrode gap. This result shows that the produc-
tion of neutrals and MP’s may be considered as one of the many number of feedback
mechanisms1 within the vacuum arc that determines the VAT’s operating condition.
1Briefly mentioned in Section 2.1.2, feedback mechanisms within the vacuum arc may include inter-
actions between adjacent cathode spots, nearby surfaces (especially the cathode surface) and the near-
cathode plasma. An excellent illustration of vacuum arc feedback processes is given by Hantzsche (1983,
p. 89).
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Figure 6.2: Growth of average arc voltage for decreasing cone angleα. Each data point represents
combined average of arc voltage test data.
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Figure 6.3: Shortening of arc pulse with decreasing cone angle α. Each data point represents
combined average of median arc pulse length.
6.3.2 Erosion rate
Erosion rate measurements were made for each material across selected cathode cone
angles (α = 180◦, 120◦ and 90◦), as shown in Table 6.1 (baseline flat cathode results were
obtained from Section 5.3.1). A surprising result was that conical cathodes produced
lower cathode erosion rates as the cone angle became narrower. This effect was observed
across all materials tested. Generally more uniform cathode spot coverage and erosion
was also observed in tests with conical cathodes. Thus, implementing a conical cathode
design in a VAT was successful in counteracting the high erosion rates expected with the
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use of long arc pulse lengths as discussed in Chapter 5.
Table 6.1: Comparison of average erosion rates of baseline (180◦) and conical VATs for selected
cone angles (120◦ and 90◦). For additional context, weight-averaged pulse lengths (in millisec-
onds) during each Er measurement are included in brackets.
Erosion rate, Er (µg/C)
Cone angle,α (deg) Al Fe Bi
180◦ (flat) 33.7 ±1.0 (1.9) 75.5 ±1.1 (2.2) 1606.9 ±9.4 (2.9)
120◦ 29.5 ±1.1 (1.3) 50.5 ±1.1 (2.2) 952.6 ±1.7 (2.8)
90◦ 24.9 ±0.9 (1.4) 49.6 ±0.8 (2.6) 938.7 ±3.8 (3.1)
A number of arguments can bemade to explain this effect. Firstly, the surface area of the
cathode subjected to vacuum arc processes increases with decreasing cone angle. This
means that the overall heat load (and hence, temperature) of the cathode per given sur-
face area is reduced since there is more surface available to absorb the thermal load of
the arc. For example, 90◦ and 120◦ conical cathodes have 41.4% and 15.5% more surface
area respectively when compared to the flat cathode (see Figure 6.4). With the exception
of Al, more than 15%additional surface area didnot appear to cause further reductions in
the erosion rates of Fe and Bi. This limit could be linked to the interelectrode gap prob-
lem mentioned in the previous section. However, a note should also be made that the
slightly longer pulse lengths experienced by the 90◦ conical cathodes may have biased
the Er data to higher rates than would have been experienced otherwise.
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Figure 6.4: Measured cathode erosion rates at selected cone angles of α = 180◦, 120◦ and 90◦.
Results are normalised to flat cathode result (baseline). Normalised surface area of cathode rod
head against cone angle is also included for comparison.
Secondly, the inclined inner surface of the conical cathode was observed to encourage
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Figure 6.5: View of eroded conical Fe cathode (α = 120◦) in (a) unaltered and (b) highlighted
views. Radial grooves or “spokes” are highlighted with red lines. Grooves in segment 1 are spaced
roughly 80◦ apart, whilst grooves in segment 2 are spaced roughly 60◦ apart.
cathode spot motion away from the triggered edge towards the cathode centre. This
would have likely resulted in increased spot velocities, a behaviour which could explain
the reduced erosion rate. Some supporting evidence is shown in a magnified image of
an eroded Fe cathode (120◦) in Figure 6.5, which reveals radial grooves or “spokes” in the
cathode surface spaced apart in roughly equal fashion. This indicates preferential mo-
tion of spots towards the cathode centre, especially along the grooves. What is puzzling,
however, is how the grooves are formed and why the grooves are spaced at roughly the
same angular distances apart (60◦–80◦). Thismay have to dowith the ignition probability
of new spots being influenced by the surface’s exposure to the plasma jet, which expands
into the cavity of the conical cathode shape.
Thirdly, the recessed geometry of the conical profile is able to more easily re-capture
a portion of MP’s and neutrals generated by the vacuum arc spots, re-solidifying them
back into the bulk cathode for ionisation a short time later. Thus, on average, less eroded
material would be ejected as waste material, resulting in a lower total cathode erosion
rate. Future studies are required to further characterise MP behaviour and distribution
arising from the use of conical cathodes.
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6.3.3 ICDD and thrust correction factors
Figure 6.6 presents ICDDdata for all conical cathode designs andmaterials tested in both
pitch (±76.8◦ range, 9.6◦ increments) and yaw (±86.4◦ range, 14.4◦ increments) axes.
Each data point represents an average of twenty J¯ measurements taken at a particular
position along the pitch or yaw axis, with uncertainty bounds indicative of the degree of
scatter within each set of measurements. Of all three materials tested here, Bi ICDD data
in Figure 6.6a contained the smallest uncertainty bounds, whilst Al ICDD data in 6.6c
contained the largest uncertainty bounds. The ICDD values obtained for Bi were roughly
half the magnitude when compared to the ICDD values for Fe and Al, likely correspond-
ing to the lower average ion charge state of Bi. As was argued in Section 4.3, these bounds
may be related to how the different number of spots present on each type of cathodema-
terial influences erosion, and the plasma jet distribution during each vacuum arc pulse;
i.e. the greater the number of active cathode spots on the cathode surface, the smoother
the overall plasma jet behaviour becomes.
In all cases, the best surface distribution fit was found to be Gaussian (w1 = 0.93–1.35, R2
= 0.92–0.99, RMSE = 0.011–0.023). Measured thrust vector deviations were found to be
generally small2 atβT ≤ 10◦. Figure 6.6 shows that allmaterials exhibited similar changes
in ICDD profiles with varying cone angles. However, Al showed a large decrease in J¯ val-
ues at α = 90◦, influenced mostly by the shorter pulse length used there. Peak J¯ values
showed a general decrease with decreasing cone angle as expected since amore recessed
cathode should emit less ions. However, at wide ejection angles, J¯ values remained un-
changed across all cathode shapes andmaterials tested. This resulted in a “flattening” of
the ICDD profiles with decreasing cone angle.
Figure 6.7 compares thrust correction factors for conical and baseline VAT cathode de-
signs with the median pulse length of each ICDD test included (in brackets, millisec-
onds). BaselineCT values shown here were approximated by linear interpolation of data
in Table 5.3 according to the equivalent median pulse length3. To allow accurate and
2Some larger deviations were observed in a number of Fe cathode tests (Figure 6.6b). This was found
to be due to insulator edge erosion. This effect did not significantly influence subsequent ICDD and CT
analysis.
3An exception is made for the Bi baseline CT at 5.1 ms. This value was taken from an ICDD test with a
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Figure 6.6: Ion current density distribution results for (a) Bi, (b) Fe and (c) Al cathodes atα= 180◦
(), 135◦ (△), 120◦ (#), and 90◦ (♦) cone angles along pitch and yaw axes. Data corrected for
thrust vector deviation in both pitch and yaw to aid visual comparison.
direct comparison of conical cathodes to the baseline cathode design, “virtual” thrust
correction factors were calculated for all conical test cases by mathematically treating
each cathode as if it were a flat cathode profile, i.e. identical values of L, rc and ra as
for the flat reference cathode design. This approach is valid because all designs were
median pulse length of 4541 µs (maximum pulse lengthmeasured for baseline Bi VAT in Chapter 5).
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Figure 6.7: Comparison ofweightedC ′T values for a conical cathode design against approximated
CT values for a flat cathode design at the same arc pulse length (number in brackets, millisec-
onds). Flat cathode designs being compared are baseline (0.5 mm recessed) and equivalently
recessed to the same depth as a conical cathode design (135◦ → 0.65 mm, 120◦ → 0.91 mm,
90◦→ 1.58 mm).
tested with the same anode electrode, ceramic geometry and ICDD test setup. Addition-
ally, each conical cathodeCT,α result was weighted with respect to the reference cathode
through comparison of their peak J¯ values, thus taking into account both the changes in
ICDD spread andmagnitude of the conical cathode shape, i.e.
C ′T,α =
max
(
J¯α
)
max
(
J¯180
)CT,α (6.1)
wheremax
(
J¯180
)
was obtained by using the fitted equations of Table 5.2 at the equivalent
median pulse length.
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Most conical cathode shapes generated averageC ′T values similar those of their flat cath-
ode counterparts (5–10% lower than baseline). Notable deviations were Al and Bi at 135◦,
which generated 7% and 13% higherC ′T values over their baselines respectively and Bi at
90◦, which generated a 20% lower C ′T value over the baseline (see Figure 6.8).
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Figure 6.8: Thrust correction factors for conical cathode designs normalised against baseline flat
cathode design (α = 180◦). Test data taken from Figure 6.7. Pulse lengths used are in the 1.4–
5.1 ms range.
Further comparison of conical cathodes against flat cathodes recessed at the same aver-
age depths (135◦→ 0.65 mm, 120◦→ 0.91 mm, 90◦→ 1.58 mm) reveals that the conical
cathode design produces 15–40% greater momentum in the normal direction. This is
most likely due to the angled surfaces of the conical profile, which allows more ions to
escape through the VAT front face, even at wide ejection angles. This is consistent with
the observed increase in the spread of measured ICDD profiles with decreasing cone an-
gles in Figure 6.6.
However, an exception is made of Bi at 90◦, which produced a thrust correction factor
nearly identical to that of an equivalently-recessed flat cathode. This result may be due
to poor erosion behaviour experienced by Bi, whose melting point is much lower than
the other metals tested.
CHAPTER 6. CATHODE SHAPE STUDY 152
6.3.4 Thrust production
Figure 6.9 presents thrust per arc current results for Al, Fe and Bi cathodes for various
cone angles. A normalised version of these results are given in Figure 6.10. Each data
point represents an average of 16 individual thrust tests taken for each thruster type op-
erated up to a total pulse charge of roughly
∑
Q = 50 C. Linear solid lines represent the
average T /I values for each cathode material operating in a baseline VAT across a range
of pulse lengths (obtained from Figures D.1–5.7 and D.3.).
A significant number of conical cathode designs across all materials were shown to gen-
erate enhanced thrust production over the baseline (typically 10–30% higher, see Figure
6.10). A few exceptions included some test cases for Al and Fe, which generated no thrust
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Figure 6.9: Thrust measurements (T /I ) measured at various cathode cone angles (α = 90◦, 120◦
and 135◦). Each data point is an average of 16 thrust tests run up to
∑
Q ≈ 50 C. Trend lines
shown represent average thrust per arc current for baseline flat cathodes tested in this study as
presented in Figures D.1–5.7 and D.3.
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improvement, whilst the 90◦ and one 135◦ test case for Bi produced 5–10% lower thrust
production rate. At first glance of the data in Figure 6.9, no discernible relationship ap-
pears visible between thrust production and cone angle within a specified cathode ma-
terial. In each material tested, the same conical design can produce different changes
in thrust production depending on the median pulse length that was used (e.g. Al 135◦,
Bi 135◦ and 120◦). Part of the problem lies in the inherent coupling of pulse length and
thrust within the test data, a relationship previously established in Chapter 5.
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Figure 6.10: Measured thrust per arc current for various cathode cone angles (α= 90◦, 120◦ and
135◦) normalised against baseline average thrust trend lines. Test data taken from Figure 6.9.
However, consolidating Figure 6.10’s normalised data for all cathode materials against
pulse length, may offer some insights. This approach assumes that the choice of cath-
ode material exerts a weak influence on thrust production as seen by the similar levels
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Figure 6.11: Consolidated average T /I values for various cathode cone angles (α= 90◦, 120◦ and
135◦) and materials normalised against baseline average thrust trend lines. Test data taken from
Figure 6.10.
of relative thrust changes experienced across all materials used in this study. The con-
solidated data plot shown in Figure 6.11 suggests a number of interesting relationships.
Firstly, it appears that the relative change in thrust production (∆T /I ) due to the cathode
conical shape exhibits a pulse length dependence. The highest gains (20–27%) in ∆T /I
initially occur in the tp = 1–1.5 ms range, eventually declining to the lowest (or negative)
gains (-5–10%) as the pulse length extends into the tp = 2–5ms range. Secondly, changes
in thrust production appear just as sensitive, if not more so, to the arc pulse length than
to the actual cone angle being used. Thirdly, nearly all results for cone angles 135◦ and
120◦ deliver similar trends in ∆T /I , whilst similar levels of ∆T /I for cone angle 90◦ are
roughly shifted to lower pulse lengths. Given that the thrust-to-pulse length relation (as
found in Chapter 5) has already been taken into account bymeans of data normalisation,
these observations bear a second relation to the pulse length or rather, the time duration
over which the arc spots have travelled across the cathode surface profile. A possible
explanation for this behaviour is given below.
It was observed in this work that once arc initiation took place, the cathode spot gen-
erally tended to travel away from the triggered edge and over the exposed bulk cathode
surface. In the case of a conical profile, the spot encounters the inclined inner surface
of the cathode, causing its motion to increase (Section 6.3.2) and become more recessed
into the cathode as itmoves towards the cathode centre. The rate and extent towhich the
spot recedes into the cathode will depend on the cathode cone angle and the arc pulse
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length, where a narrower cone angle results in faster spot motion, whilst a longer pulse
length results in further spot travel. The net effect is that a deeply-recessed spot will pro-
duce lower thrust than a spot closer to the thruster front face. This is consistent with
observations in Figure 6.11. In other words, short pulses and wide cone angles result in
the largest increases in ∆T /I , whilst long pulses and narrow cone angles result in small
or even reduced ∆T /I . A simplified four-outcome summary of these effects are shown
in grid form in Figure 6.12.
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Figure 6.12: Simplified four-quadrant outcome on plasma jet shape and thrust production as a
function of cathode cone angle and arc pulse length.
In conclusion, the conical profile of the cathode (6.35 mm diameter) is most effective
in enhancing thrust production by up to ∆T /I = 27% when operating with wider cone
angles (120◦–135◦) and pulse lengths of tp ≤ 1.5 ms, equal to and even surpassing T /I
values obtained at much longer arc pulse lengths. A further extension of these findings
is that there likely exists an optimum cone angle for a fixed pulse length that produces a
maximum thrust production rate and/or thrust correction factor, which can be roughly
assumed to be within the range 135◦ ≤α< 180◦ for the VATs used in this study.
6.3.5 Overall performance
Table 6.2 compares key performance metrics for selected conical designs against base-
line VATs with significant increases in Isp across all example test cases (34.7–67.9% im-
provement). Test cases with cone angles 120◦ and 135◦ demonstrated the best overall
performance features with up to a 20–28% increase in thrust per arc current, a 26–42%
decrease in erosion rate, and with a penalty of only a few volts rise in average arc voltage
(Figure 6.2). Thus, conical cathodes have been successfully demonstrated to significantly
CHAPTER 6. CATHODE SHAPE STUDY 156
improve VAT performance by simultaneously increasing thrust production and reducing
fuel consumption to achieve a compounded improvement in thruster specific impulse.
Furthermore, a design trade-off can be made to obtain the best Isp value of a particular
VAT design by deciding on a careful balance of interacting factors such as cathode size,
cathode cone angle and arc pulse length.
Table 6.2: Comparison of VAT performance for selected conical and equivalent baseline VAT de-
signs operating with Al, Fe and Bi cathodes at I = 50 A. Thrust and erosion rate data taken at
similar millisecond-range pulse lengths for each case pair.
Cathode design tp (ms) T /I (µN/A) Er (µg/C) Isp (s) Diff.
Al Baseline flat
1.3
158.0 31.6† 510
+34.7%
135◦ cone 202.1 30.0* 687
Fe Baseline flat
2.2
273.6 75.5 369
+65.9%
120◦ cone 303.2 50.5 612
Bi Baseline flat
2.3–2.8
411.4 1483.6† 28
+67.9%
120◦ cone 436.2 952.6 47
† Estimated by linear interpolation of Er values in Figure 5.2.
* Estimated by linear interpolation of Er values for cone angles α= 120◦ and 180◦ .
6.3.6 Possible explanations for enhanced thrust
Recalling the expression for VAT thrust from Equation 2.1,
T =CT
(
mi
Ii
e Z¯
)
v¯i (6.2)
the observed thrust increases in this cathode shape study could be attributed to changes
in the plasma jet shape (thrust correction factor), average ion charge state, total ion cur-
rent and/or average ion velocity. In the complex environment of the vacuum arc, the
thrust changes observed are likely to be due to a combination of all these effects to vary-
ing degrees, given that they are not necessarily independent of one other.
Observed changes in the thrust correction factor did not always result in a corresponding
change in thrust production. While a few ICDD test cases did showmatching behaviour
(e.g. Fe 135◦, 2.5–3 ms; Fe 90◦, 2.1–2.3 ms), other cases did not (e.g. Al 135◦, 1.9–2.1
ms; Fe 120◦, 2.4–2.5 ms; Bi 135◦, 4.7–5.1 ms). This variability could be attributed to the
limited sample size and pulse length range of the ICDD data. Unfortunately, no strong
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correlation between changes in CT and corresponding changes in T /I for pulse lengths
≥ 2 ms can be definitively stated based on this.
A study of T /I data in the tp = 1–1.5ms range, however, could be attributed to changes in
CT . As was previously established in Section 6.3.3, conical cathode profiles produced a
more spread out ICDD than a flat cathode due to its inclined surface. As was observed in
erosion tests in the pulse length study in Chapter 5, Section 5.3.1, it was also found in this
study that preliminary conical cathode tests using shorter arc pulses (≤1 ms) produced
cathode spots less recessed within the conical profile, which in turn would be expected
to also increase the spread of the overall ICDD. Lastly, data in Section 5.3.2 showed that
“flatter” ICDD’s produced higher CT values, particularly in the 1–1.5 ms range. With all
these observations in mind, could the largest ∆T /I values observed here for conically-
shaped cathodes operating at tp = 1–1.5 ms be entirely attributed to a highly spread out
ICDD and an increase inCT alone?
A quick check against the largest measured test case suggests otherwise. For example,
consider the case of Al 135◦ at tp = 1.3–1.4 ms with an estimated baseline CT value of
0.693 (Figure 6.7) and a relative average thrust increase over the baseline T /I of 27.9%
(Figure 6.10). If the total gain in thrust production was due to an increase in CT alone,
that would imply that CT would have increased from 0.693 to 0.886, i.e. 88.6% of the
total ion momentum contributes thrust in the normal direction. Although theoretically
possible, such a scenario seems unlikely. A more realistic situation is that the change in
plasma jet shape produces a limited increase in the value of CT , providing only a partial
contribution to the overall thrust gain seen in conical cathode designs. In addition, the
effect of CT on the overall T /I of the conical cathode design is highly dependant on the
pulse length. Thus, other (and potentially more dominant) influences apart from the
change in CT must also play a role to account for the improved thrust production seen
here.
Additional evidence for influences other than CT on final thrust can be shown in the
test cases of Fe 120◦ tested within the 2–2.5 ms range. Figures 6.7 and 6.8 show that
the thrust correction factor for a Fe 120◦ conical design is 5% lower than its flat baseline
value. However, Figures 6.9 and 6.10 report that the same Fe cathode design experienced
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a 10% increase in T /I above its flat baseline result. This meant that Fe 120◦ conical de-
sign achieved a greater T /I than the flat baseline despite almost no change in the thrust
correction factor.
Other possible influences could include an additional increase in CEX between neutrals
and ions. The geometry of a conical cathode is such that the trajectories of emitted par-
ticles have greater likelihood of crossing paths and hence increase ionisation for greater
ion flux. Unfortunately, this is only speculation at this point. Further in-depth studies on
plasma properties of conical cathodes is required.
Another possible contributionmay include plasma acceleration, where the conical cath-
ode geometry shapes and accelerates the exiting plasma jet with the creation of a local-
ized region of high pressure just in front of the cathode. Such a pressure region has been
observed in recent laser ablation experiments (Luna et al. 2007, Yeates et al. 2011, Gam-
bino et al. 2013), where a stagnation region was observed to form between two pulsed
plasma jets, lasting for much longer than the jet pulse themselves. This higher pressure
region of plasma in front of the cathode may serve to increase plasma diffusion away
from the thruster and thus enhance thrust. However, this proposed behaviour requires
confirmation in future plume studies.
As a side note, Lebedev et al. (2002) showed that the ionmass had an influence on the fo-
cusing effect in conically convergent plasma flows. Materials with a highmass were seen
to produce narrower and faster jets due to their higher radiative cooling properties. Un-
fortunately, similar levels and behaviour in relative thrust production experienced across
all the cathode materials in this study was insufficient to show (at least for now) that a
material dependence exists for the plasma jets created by conical cathode profiles.
In conclusion, the exact cause of the thrust increases observed for a number of conical
cathode designs in this study remains unknown. The change in the shape of the plasma
jet can be considered a partial contributor, but other influences such as CEX and plasma
acceleration need to be explored.
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6.4 Summary
This study has shown that a simple change to the shape of the cathode electrode may
affect VAT performance in a number of ways. Measurements of erosion rate, ICDDs
and thrust of various conical cathode shapes using different cathodematerials were per-
formed and showed that, in some cases, a greater amount of thrust and lower levels of
erosion ratewere achieved compared to the baseline VAT design under the same arc con-
ditions. This resulted in significant increases in the specific impulse of conical cathode
designs – as high as 67.9% above the baseline result and achieving values approaching
700 s on what are generally considered medium-performance cathode materials. Fur-
ther testing on additional materials with typically high performance (e.g. Mg, Ti, Cr, Zr,
see Appendix A.1) may yield similar improvements in specific impulse, easily breaking
the Isp = 1000 s mark.
The cause and mechanism of the thrust increase experienced with conical cathode pro-
files can only be partially explained and required further investigation. Evidence in-
dicates that at least two design factors made a significant influence on thrust produc-
tion, namely the arc pulse length and the cathode cone angle. Both factors dictated how
widely-spread out the plasma jet’s ICDD became, which in turn determines the level of
ion momentum that is normally-directed (wider cone angles and shorter pulses in the
1 ms range tend to result in large thrust gains). The complex relationship between spot
motion and cathode profile geometry was also recognised and outlinedwithin this study,
leading to a greater understanding towards optimisation of VAT performance. However,
many aspects of conical cathode behaviour remain not yet fully understood andmust be
further investigated.
Consolidation of thrust data found that the cathodematerial had aweaker influence over
relative thrust gains than initially expected. Thismay be due to the limited sample size of
captured data as well as in the limited control of the manner in which cathode material
was eroded and ionised. Another factor might be that the operational conditions of the
VATs were outside the region in which material effects became evident. Further testing
with additional materials and different-sized cathodes is also recommended.
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Finally, maintaining a stable conical profile geometry over long periods of thruster oper-
ation remains a technical challenge. The present thruster design limits the use of conical
cathodes due to its edge-triggered arc initiation mechanism, which flattens the cathode
profile as the surface erodes away (spots travel outside→ in). This limited test durations
to only several thousand pulses before the conical profile geometry underwent apprecia-
ble change. A better solution is to incorporate a centrally-triggered mechanism, which
will help to maintain the conical profile of the cathode (spots travel inside→ out). Cen-
tral triggering will also help ensure uniform and consistent spot coverage, whichmay aid
in the accuracy of future testing.
Chapter 7
Carbon cathode study
7.1 Introduction
Carbon possesses different material properties and structural characteristics from met-
als, posing unique engineering challenges and scientifically interesting behaviour as a
cathode material. This chapter examines the novel use of carbon graphite and graphite
compounds as cathode fuels for VATs. An assessment of erosion behaviour, ion current
production and thruster performance was made on various carbon cathodes installed
on the baseline VAT design.
7.2 Method
7.2.1 Material list
Several carbon-based cathode material candidates were explored, covering a variety of
physical properties, microstructure and composition. Table 7.1 lists the various grades
and properties of the 6 and 6.35 mm dia. × 50 mm long carbon rods tested in this
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study. These rods were mostly sourced from suppliers of EDM-grade electrodes (EDM
= Electric Discharge Machining), which are prepared specifically for arc-related indus-
trial applications. In particular, POCO electrodes were chosen for their highly isotropic
nature and lower porosity (< 0.1 µm) over traditional graphites. Graphite compounds
were also initially explored by testing copper-impregnated graphite compounds, which
are comprised of a homogeneous mixture of copper and graphite micro-particles (esti-
mated 15%Cuby volumeaccording to thefinal samplematerial’s density). Finally, Glassy
(or vitreous carbon) exhibits unique structural and thermophysical features compared to
graphite, with noticeable features such as extremehardness, zero porosity, impermeabil-
ity to liquids and gases as well as being composed of nano-sized structures (fullerene).
Table 7.1: List of grades and properties of carbon rodmaterials tested in this study (data obtained
from suppliers’ websites). Carbonmaterials are grouped according to their composition, namely
that of (1) pure carbon and (2) copper-impregnated graphite compounds. Materials are arranged
in order of increasing average particle size.
Name & grade Supplier Avg. particle size Density Electrical resistivity
(µm) (g/cm3) (µΩ.cm)
Pure carbon
GC (G series)* HTW < 0.01 1.42 114
AF-5 POCO 1 1.80 1727
EDM-3 POCO 5 1.81 1372
EDM-200 POCO 10 1.82 1219
Copper-impregnated graphite†
TTK-4C Toyo Tanso 4 2.90 254
EDM-C3 POCO 5 3.05 305
EDM-C200 POCO 10 3.00 178
* Glassy carbon
† Estimated 15% Cu by volume
7.2.2 Operating conditions and performance tests
Arc pulses of 50 A peak were exclusively applied to all carbon VAT tests. This was mostly
because of ensuring restricted thermal loading on the cathode as well as a limitation of
the pulse circuit components, which experienced difficulty in generating higher peak arc
currents due to the higher resistance of carbon cathodes. Testing at arc currents lower
than 50 A were deemed to be of little value, given that carbon experiences only a single
spot for arc currents ≤ 200 A (Boxman et al. 1995). This meant that, apart from thermal
considerations, vacuum arc cathode spot behaviour and features were not expected to
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significantly change within the I = 10–200 A range. Additionally, generating pulses with
peak arc currents above 200 A becomes more technically challenging to accomplish, es-
pecially in the context of a small and safe VAT design for small satellites like the CubeSat.
Further explorationwill be needed to expandon the limited test conditions of the carbon
cathode study presented in this work.
Various VATperformance testswere conducted on each carbon or graphite cathode sam-
ple, capturingdetailedmeasurements of thrust, erosion rate, total ion current and plume
distribution (C-3 only). Thrust andmost erosion tests were combined in a single test run,
where the VATs were initially fired for up to approximately
∑
Q = 20 C with 10 short pulse
measurements (≤ 500 µs) and then up to ∑Q = 60–100 C with 20-30 long pulse mea-
surements (∼2 ms). This was done to assess if any change in thrust production against
arc pulse length was present. Visual inspection of cathode erosion behaviour on each
sample was also performed.
7.3 Results & discussion
7.3.1 Overall behaviour and thrust production
Pure carbon cathodes
Figure 7.1 displays erosion patterns for pure carbon and graphite samples resulting from
the combined thrust and erosion tests. The erosion patternon all graphite cathodeswere
observed to consist of deep craters (on the order of 0.5–1 mm) concentrated at the trig-
gering edge of the cathode rod and tended not to extend further than roughly 1mm from
the insulator inner edge. The eroded surface roughness of GC was different to that of the
other graphite cathodes. Apart from being largely restricted to the rod edge, its eroded
surface was considerably finer, most likely due to the nano-sized structures and supe-
rior hardness of GC. Carbon cathode erosion behaviour was in stark contrast to themore
uniform and distributed erosion of metal cathodes. This can be explained by consid-
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Figure 7.1: Photographs of cathode erosion for Glassy carbon (GC) and AF-5, EDM-3 and EDM-
200 pure carbon graphite rods.
ering the following:– firstly, temperature has a unique effect on the resistivity of carbon
graphite, which behaves in a manner opposite to metals, i.e. graphite becomes more
electrically conductive the hotter it gets. The result is that cathode spots are discour-
aged from moving away from their locations and tend to “burrow” themselves into the
bulk cathode body. Secondly, spot motion is also discouraged by the typically low ther-
mal conductivity levels (30–45 W/mK1) locally experienced by graphite material heated
up by the high temperature cathode spots. Thismeans that surface conditions for subse-
quent cathode spot generation aremost suitable close to the previously extinguished hot
crater site and least suitable far away on the colder bulk body surface. Thirdly, graphite
does notmelt, but instead sublimates. Inmetals, themolten state of freshly-made craters
causes the surrounding metal to flow, spread out and blend back into the bulk cathode
surface. This material behaviour is absent in graphite. Finally, the formation of deep
craters widens the gap between the cathode and insulator, further isolating the central
1Supplier’s website – http://www.poco.com
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core of the cathode body from stable vacuum arc processes.
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Figure 7.2: Measured thrust per arc current (left vertical axis) and thrust-to-power ratios (right
vertical axis) over test duration for pure carbon cathodes. Materials include (a) GC, (b) AF-5, (c)
EDM-3 and (d) EDM-200. Total cumulative pulse charges range from 80 to 120 C. Lines through
data points are for visual aid only.
Figure 7.2 displays thrustmeasurements for the pure carbonmaterials tested in terms of
thrust per arc current T /I and thrust-to-power ratio T /P for typically 6000 pulses. For
much of the test, thrust production of GC and AF-5 remained relatively constant at 380
µN/A with a few intermittent “spikes” of high and low values. This was in contrast to
EDM-3 and EDM-200, which showed a decline of thrust per current levels (450 µN/A
→ 300 µN/A) as the total number of pulses increased. Additionally, EDM-3 results were
more erratic and EDM-200 thrust production showed a gradual increase near the end of
its test (80–110 C). Thrust-to-power levels were initially very high (up to 36 µN/W for GC,
∼ 16 µN/W for the rest of the group) and showed a rapid decline to 5–8 µN/W at the end
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of the test run.
In contrast to metallic cathodes in Chapter 5, no discernible changes in carbon’s thrust
production was observed between short- and long-pulsed operation. However, this dif-
ference could be partially obscured by the effect of the fast-receding cathode. Never-
theless, these results support the view put forward in Chapter 5 that increased thrust
production at long pulses is due to greater amounts of CEX between ions andneutrals re-
ducing the average ion charge state. This is because C ions from a pulse vacuum arcwere
previouslymeasured in literature to be almost entirely singly charged, i.e. Z¯ = 1 (Yushkov
& Anders 1998, Brown 1994). Thus, further lowering of Z¯ using longer arc pulses is not
possible in this case, with the expected result that thrust production remains constant
regardless of arc pulse length.
The negative effects of deep crater erosion on the emission of plasma flux and arc voltage
was evident in Figure 7.2, where thrust production of EDM-3 and EDM-200 underwent
a decline over time as the cathode spot became more receded into the cathode body.
This effect is further exasperated by the low density of graphite rods. Eventually, a rel-
atively stable thrust value was approached, likely due to the depth limit of the craters
being reached. Intermittent bursts of high thrust values can be explained by the cath-
ode spots travelling back to the top of the cathode surface and generating more plasma,
before erodingpart of the surface away andquickly receding intodeep craters again. Ero-
sion uniformity is obviously affected by the size of the cathode. For example, a smaller
cathode would experience better erosion characteristics since the erosion “zone” would
occur overmuch large portion of the cathode surface. However, cathode recession would
also occur at a higher rate, not tomention increased thermal loading on the smaller cath-
ode body. Thus, design trade-offs and a suitable electrode design must be carefully con-
sidered for carbon-based cathodes to address its unique erosion behaviour.
Copper-graphite compound cathodes
Figure 7.3 displays erosion patterns on copper-graphite compounds cathode resulting
from the combined thrust and erosion tests. Erosion behaviour of copper-graphite ma-
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terials exhibited a blend of metal and graphite erosion characteristics. Although each
material developed a large shallow crater (3–4 mm in length and 1–2 mm in breadth) on
one side of the cathode, spot coverage was seen over the entire surface area with sig-
nificantly greater uniformity than that of the pure carbon samples. The surface of C-3
possessed fine erosion structures likely due to its smaller particle sizes (compared to C-
200) and lower porosity (compared to TTK-4C). The inclusion of Cu micro-particles was
therefore shown to improve the thermal characteristics of the cathode compound such
that spot coverage was visibly increased, leading to better erosion characteristics.
Figure 7.3: Photographs of cathode erosion for TTK-4C, C-3 and C-200 copper-impregnated car-
bon graphite rods.
It is speculated thatmeltingof coppermicro-particleswithin copper-graphite compounds
by the heating action of the cathode spot(s) may help to bind surrounding carbon parti-
cles together, mitigating thermal shock and rod cracking. The fact that the bulk cathode
body is comprised entirely of microscopically-sized particles may also assist in limiting
the emission of large macroparticles. A detailed MP collection and analysis study in the
future is required to verify this potential benefit of metal-graphite compound cathodes.
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Figure 7.4 displaysmeasured thrust results for copper-impregnated graphite compounds
also in terms of T /I and T /P . As with pure cathodes, no discernible changes in thrust
production were observed between short- and long-pulsed operating regimes. However,
thrust production values and behaviour were different compared to pure carbon cath-
odes, following similar thrust trends over time to puremetal cathodes (see Figure 4.10b).
For example, thrust production of TTK-4C remained almost steady at an average value
of 267 µN/A, which was more than 40% lower than average thrust production values of
GC and AF-5. Although TTK-4C’s thrust-to-power declined in a similar manner to pure
graphite cathodes (8 µN/W→ 4 µN/W, especially after ∑Q = 60 C), thrust-to-power ra-
tios for C-3 and C-200 remained relatively stable at roughly 6µN/W, a behaviour not seen
in the pure carbon graphite cathodes.
0 50 100 150
0
200
400
600
T/
I (µ
N
/A
)
 
 
25 75 125
0
16
32
48
Cum. arc pulse charge (C)
T/
P 
(µN
/W
)
TTK−4C
T/I
T/P
0 50 100 150
0
200
400
600
T/
I (µ
N
/A
)
 
 
25 75 125
0
16
32
48
Cum. arc pulse charge (C)
T/
P 
(µN
/W
)
C−3
T/I
T/P
0 50 100 150
0
200
400
600
T/
I (µ
N
/A
)
 
 
25 75 125
0
16
32
48
Cum. arc pulse charge (C)
T/
P 
(µN
/W
)
C−200
T/I
T/P
(a) (b)
(c)
Figure 7.4: Measured thrust per arc current (left vertical axis) and thrust-to-power ratios (right
vertical axis) over test duration for copper-impregnated carbon cathodes. Materials include (a)
TTK-4C, (b) C-3, and (c) C-200. Total cumulative pulse charges range from 80 to 120 C. Lines
through data points are for visual aid only.
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Another difference in thrust behaviour betweenpure andmetal-compoundgraphite cath-
odeswas observedwith samples C-3 andC-200, which both initially generated low thrust
values close to 200 µN/A. Over time, both materials showed a gradual increase in thrust
production, reaching intermittent values in excess of 400 µN/A. To further illustrate this,
Figure 7.5 compares thrust production over time for both EDM-3 andEDM-200 cathodes
and their respective copper-impregnated counterparts (C-3 and C-200). Each material
test began with different starting levels of thrust, but appeared to converge to similar
thrust production levels by
∑
Q= 50 C. Thus, it is shown that the presence of Cu does not
negatively affect thrust production within carbon graphite cathodes over long-term VAT
operation.
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Figure 7.5: Comparison of thrust per arc current behaviour over test duration for pure graphite
and copper-impregnated carbon graphite compounds. Materials shown are paired as (a) EDM-
200 and C-200, and (b) EDM-3 and C-3. Differences in starting thrust levels and converged thrust
levels at the end of the test are highlighted with arrows.
The presence of a compound mixture of elements within a cathode might provide syn-
ergistic benefits. Recently, Zhirkov et al. (2013) found that the presence of a high cohe-
sive energy material such as C within a Ti-C compound cathode resulted in plasma with
higher average and peak ion energies than the native ion energies of the two elements
alone and independent of the ion mass. This was explained by plasma quasineutrality
and higher pressure gradient generated within the plasma. Thus, it is possible that the
Cu ions in C-3 and C-200 are accelerated to higher velocities than seen in pure Cu cath-
odes (which have lower thrust production compared to pure graphite), allowing C-3 and
C-200 to achieve equal or higher final thrust per arc current values over the pure graphite
cathodes.
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7.3.2 Erosion rate
Figure 7.6 presents erosion results for all carbon samples tested over a range of pulse
lengths. It should be noted that all long-pulsed results (≥500 µs) presented here (except
for C-3) are weight-averaged from carbon thrust tests, which used both short and long
pulses. Three distinct groupings of results can be made. The first group are the ma-
jority of pure graphite cathodes, which possessed average Er values close to ∼42 µg/C.
This shows that the particle size (1–10 µm) within the pure carbon cathodes has a weak
influence over the erosion rate. A unique feature of the graphite cathodes was their rela-
tively constant erosion rates over the tested range of pulse lengths. Thismeant that these
cathodeswere relatively insensitive to the increased heat load at longer pulse lengths and
hence did not generatemoreMP content because no additionalmelting of the bulk cath-
ode occurred2. The second group is GC’s results, which contain the highest set of values
of all the carbon cathodes tested here (average of 46.2 µg/C). A small increasing trend
of erosion rate with pulse length was observed, a behaviour similar to metals, but op-
posite to that of the rest of the carbon samples. The third group are the copper-graphite
compounds, which delivered the lowest erosion rates in the long-pulse regime (33.4–39.3
2Carbon cathodes still produceMP’s despite sublimating, most likely resulting from various-sized pieces
of cooler solid material being released by the explosive and violent nature of the vacuum arc.
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µg/C). However, these compound cathodes showed increases in erosion rate when op-
erated at short pulses (8.7% increase for TTK-4C and 50.9% increase for C-3). Further
analysis is needed to help explain this behaviour.
Figure 7.7 plots various carbon cathode samples in relation to their properties (aver-
age particle size, electrical resistivity) and resulting long-pulsed erosion rates. Data re-
veals that Er experiences small reductions in both sets of pure and copper-impregnated
graphite rods (4 and 12.3% respectively) as the material’s electrical conductivity (oppo-
site to resistivity) and average particle size decreases. This result is in agreement with
Kandah & Meunier (1996, p. 525) who found that factors such as porosity and grain size
can influence cathode spot motion and velocity over the cathode surface, where larger
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Figure 7.7: Relationship betweenmaterial properties and (long-pulsed) erosion rates for (a) pure
carbon and (b) copper-impregnated graphite cathodes. Average particle size and electrical resis-
tivity of eachmaterial is indicated.
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pore sizes can result in slower spot velocities, resulting in higher erosion rates.
Further evidence for the effect of microstructure on erosion rate was seen in a compari-
son between the compositions of C-3 and C-200, where C-3 contained micro-sized par-
ticles of Cu and C closer to or smaller than the characteristic cathode spot size normally
seen on carbon. The presence of a small-sized cathode surface microstructure may pro-
duce the effect of appearing homogeneous to the cathode spot, “fooling” it into behav-
ing as if it were on a conventional “smooth” metallic cathode. This can result in higher
spot velocities and hence a lower erosion rate. This argument was made by Wang et al.
(2003) when testing nano-crystalline CuCr cathodes, which generated higher spot ve-
locities due to its finer microstructure compared to traditional CuCr alloys. The higher
erosion rate of TTK-4C is suspected to be due to different quality of porosity or particle
isotropy between the Toyo Tanso and POCO samples. Unfortunately, detailed material
properties for TTK-4C were difficult to obtain, limiting any further analysis and conclu-
sions up to this point.
An exception is made of GC, which has a different structural form (fullerene) compared
to graphite (polycrystalline). This structural difference can significantly influence the
thermal properties of thematerial. For example, despite its low resistivity and sub-micron
structures, GC has a very low thermal conductivity3 (6.3 W/mK at room temperature)
compared to EDM graphites4 (69–121 W/mK at room temperature; 30–45 W/mK at 2000
K). Coupled with the highly localised erosion seen at the triggered cathode edge (Figure
7.1), intense thermal conditions are considered to be themost likely cause of GC’s higher
erosion rates.
7.3.3 ICDDmeasurement
A significant challenge in using graphite cathodes was in its poor erosion characteristics,
which rapidly changed the geometry of the cathode surface during thruster operation,
forming deep craters at the cathode edge. Thismeant that an ICDD test on a typical pure
3Supplier’s website – http://www.htw-gmbh.de
4Supplier’s website – http://www.poco.com
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carbon cathode could not generate a symmetrical and well-defined jet distribution. As
a compromise, an ICDD test was done on a copper-graphite compound sample, which
produced improved uniform erosion that would make a ICDD fit possible. Test material
C-3 was chosen and its ICDD measured as shown in Figure 7.8. Test results revealed a
Gaussian distribution, but also showed significant scatter in data points, possibly due
to the variable properties of each Cu and C ion species. Only J¯ along the yaw axis was
measured due to large scatter and shortening of the pulse length during the ICDD test.
On average, a high thrust correction value ofCT = 0.757 was obtained, albeit with a large
uncertainty of ±0.197. Thus, a carbon-based cathode material was shown to produce
a relatively widely-spread plasma plume that resulted in a thrust correction factor only
slightly higher than measured for a typical metal cathode under the same pulse length
(see Table 5.3).
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Figure 7.8: Measured ICDD of cathode material C-3 in a baseline VAT. Typical pulse conditions
are I = 50 A peak, tp = 1.4 ms, f = 2 Hz.
7.3.4 Overall performance
A summary of VAT thrust and erosion rate results (long-pulse) provided in Table 7.2 re-
veals that carbon cathodes produced high average thrust per arc current values (267–383
µN/A) and similar or better erosion rates (33.4–49.2 µg/C) compared to metal cathodes.
Thrust-to-power ratios (4.9–12.8 µN/W) and thruster efficiencies (1.7–4.8 %) were on the
order of or better than thatmeasured for amid-performancemetal like Fe (see also Table
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4.8). Specific impulse values of Isp = 693–998 s for carbonmaterials were calculated to be
in the order of 50–250% higher than a typical baseline metal cathode asmeasured in this
study. This finding shows that carbon-based cathodes are amongst the highest perform-
ing fuels that can be used in a VAT. More importantly, material C-3, which delivered the
highest Isp value of any other cathode material in this work, also achieved the highest
experimentally-verified Isp value of any VAT fuel ever reported in literature.
Table 7.2: Summarised performance test results for long-pulsed baseline VATswith carbon-based
cathodes. Thrust per arc current, thrust-to-power ratio and impulse per pulse energy results are
weight-averaged against delivered charge per test sample for a total population sample from
∑
Q
= 0 to 80 C. Fe baseline performance as measured in Chapter 4 is provided for comparison.
Er (µg/C) T /I (µN/A) T /P (µN/W) Isp (s) η (%)
GC 49.2 372 12.8 771 4.8
AF-5 40.4 383 9.6 966 4.6
EDM-3 42.3 378 6.6 911 2.9
EDM-200 42.1 350 8.0 847 3.3
TTK-4C 39.3 267 7.7 693 2.6
C-3 33.4 327 5.1 998 2.5
C-200 38.1 298 4.9 797 1.9
Fe (tp = 658 µs) 56.6 221 10.5 398 2.0
The small differences in average thrust production between pure graphite materials in
Table 7.2 suggests that plasma production is weakly affected by the cathode material’s
structural properties. This is expected given that the plasma composition is identical
across all cases (that is, only C ions). However, the cathode microstructure appeared to,
if briefly, significantly affect the operating arc voltage of the cathodematerial. For exam-
ple, compare the initial thrust-to-power ratios between GC and the pure graphite mate-
rials in Figure 7.2. GC, with its nanostructure, showed a very high thrust-to-power ratio
(36 µN/W) at the beginning of its thrust test, until cathode erosion increased the VAT’s
interelectrode gap. On the other hand, AF-5, EDM-3 and EDM-200 produced lower (but
still good) initial thrust-to-power ratios (∼16 µN/W). These preliminary results hint that
a finer cathode microstructure may help to lower the operating arc voltage and improve
thruster power consumption.
There is a view that the finemicrostructures within materials such as GC enhances field-
emission and the arc initiation process (Hosoki et al. 1979). Similar evidence for en-
hanced field-emission from Pyrolytic carbon, another non-structured fine carbonmate-
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rial, was found by Goebel & Schneider (2005). However, significantly more detailed stud-
ies are required before any further conclusions can be made on the effects of graphite
cathodemicrostructure on arc voltage. Practical issues such as the receding cathode sur-
face from the interelectrode trigger edge over time will need to be addressed to enable
such a study.
In contrast to pure graphite, different grades of graphite compounds produced varying
levels of average thrust production. For example, TTK-4C produced only 81.7 % of the
thrust generated by C-3, despite having similar average particle sizes. This suggests that
some other factor is affecting thrust production. One possibility may be related to the
MP production from eachmaterial, where TTK-4C produces a 17.7% higher erosion rate
than C-3. These additional MP’s may impede the outgoing plasma flux, causing a lower
thrust value.
7.3.5 Comparisonwith literature
Despite the extensive use and study of graphite cathodes in vacuum arc research and
industry, detailed studies of their performance as fuel in VATs have been largely absent.
Recently, Fuchikami et al. (2013) performed some initial impulse measurements of a VAT
carbon-fibre reinforced plastic cathode rod. However, many details of their test setup
and method remain unspecified, making comparison difficult. An estimate of their re-
sults indicates impulse bit production of roughly 5 µNs per Joule of energy (≡ 5 µN/W),
which is similar to what is reported here.
All erosion results measured in this work are in good agreement with Kandah &Meunier
(1996), but are significantly higher than when steady or near-continuous arcs are used
(∼ 40 µg/C vs. 10–17 µg/C). Meunier et al. (2007) suggested that short pulses on graphite
tend to produce higher erosion rates due to the greater amounts of MP’s produced from
the inherently violent processes of pulsed vacuum arc operation. This could explain the
higher erosion rates seen in short-pulsed operation of C-3 and TTK-4C. Thus, the possi-
bility exists for superior erosion performance by up to a factor of two if a carbon cathode
were operated at second-long pulse lengths instead of µs- toms-long pulse lengths. Fur-
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ther testing is needed to verify this.
The only available prediction for carbon cathode thruster performancewasmade by Polk
et al. (2008), who broadly assumed an ion-to-arc current ratio of ǫ = 0.1 for all cathode
materials. Although this assumption is reasonable formanymaterials, this does not nec-
essarily hold true for carbon. Experiments by Anders et al. (2005) showed that the ion-
to-arc current ratio for carbon (unspecified type or grade) could be as high as ǫ= 0.19.
Results within this study are in sharp contrast to these findings (summarised in Table
7.3), where measured ion-to-arc current ratio for AF-5 and C-3 in this study is signif-
icantly lower than that previously reported within literature for carbon (ǫ = 0.06–0.07
compared to 0.1 or 0.19). Further mystery is added when considering all the carbon
materials measured in this work, which generated between 33.6–46.2 % greater average
thrust values than that generously predicted by the empirical model (ǫ = 0.19). By this
interpretation, these results imply that the carbonmaterials used in this study produced
Table 7.3: Comparison of averaged measured carbon VAT thrust and erosion performance
against empirical model and published literature. Note that model assumes ǫ = 0.19 (in brack-
ets). EDM-200’s lowest measured thrust per arc current level (occurring at
∑
Q = 67 C) is included
in brackets directly underneath the total test average. Ion-to-arc current ratios for AF-5 and C-3
are averaged over 200 samples taken at I = 50 A peak, tp = 1.5–2 ms, f = 2 Hz.
Type Description Ion-to-arc current Thrust Erosion rate
ǫ T /I (µN/A) Er (µg/C)
This work
Calc.a See Equation 2.1 (0.19) 262
Exp. (50 A pk, 250–2500 µs)
C-3 0.065±0.005 327 33.4
AF-5 0.067±0.007 383 40.4
EDM-200 350 42.1
EDM-200 (
∑
Q = 67 C) (271)
Exp.b 70 A, 2.5–5 ms 40–124
Exp.c 100 A, 1.5 s 0.10 17
Exp.d 70 A, 60–960 s 11.4
Exp.e 60–300 A, 500 µs 0.19
a Empiricalmodelwith assumed values of ǫ= 0.19 (Anders et al. 2005), vi = 17.3 km/s (Anders
& Yushkov 2002b), Z¯ = 1 (Brown 1994) andCT = 0.64 (Polk et al. 2008).
b Kandah & Meunier (1996) – results are for various grades of carbon (ZXF-5Q, AXF-5Q, PS
and PYROID) under nomagnetic field.
c Kimblin (1973)
d Lefort et al. (1993)
e Anders et al. (2005)
CHAPTER 7. CARBON CATHODE STUDY 177
less than three times the amount of ions than expected, yet accomplished nearly 50%
better thrust production than predicted!
Anumber of possible scenariosmaybe entertained to account for these apparent anoma-
lous ion and thrust values. First, ignoring differences in material properties and assum-
ing the ion collection result is correct, the average ion velocities must be much higher
than previously reported to reach the correct thrust values. This would require the aver-
age ion velocity to be some 3.5 times higher than previously measured (17.3→ 60 km/s),
which seems highly improbable. Second, the thrust correction factor is higher than the
assumed value of CT = 0.64 (Polk et al. 2008). Some supporting evidence for this comes
from the measured ICDD for C-3, which resulted in CT = 0.757 (18.3% higher than as-
sumed). However, this is far too small an effect to explain such high thrust production.
A third possibility is that a portion of the emitted carbon ionsmay have been neutralised
by plasma electrons before reaching the ion collector, indicating a lower total ion cur-
rent than actually emitted by the VAT. This behaviour is surprising given that the vac-
uum arc plasma no longer becomes collision-dominated after travelling a short distance
(mm scale) from the cathode surface (Anders 2008). Additionally, the identical ion col-
lector setupwas used to include repeatedmeasurement of ǫ for Fe, which were in general
agreement with reported literature. No apparent plasma neutralisation was observed in
those measurements.
Partial agreement of thrust results with literature could be found once significant erosion
of the carbon cathode occurred. For example, thrust results for EDM-200 (the lowest
thrust-producing material) showed a gradual reduction in thrust production after some
time (
∑
Q = 67C) to as low as 271µN/A – a value very close to empirically predicted thrust
(only 3.4% difference in thrust, assuming Anders et al.’s (2005) measurement of ǫ= 0.19).
This suggests that the ion current results presented here need to be independently veri-
fied and themeasurement technique should be re-evaluated for future studies of carbon
cathode fuels. In conclusion, no explanation can be currently given for the higher-than-
expected T /I values produced in all carbon-based cathodes tested in this study.
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7.4 Summary
The novel use of glassy carbon, graphite and metal-impregnated graphite compounds
as cathode fuel for VATs was successfully demonstrated and their performance charac-
teristics measured. Each type of carbon was shown to possess unique cathode perfor-
mance and erosion behaviour based on its set of thermal, electrical andmicro-structural
properties. As such, this work strongly emphasises the importance of reporting detailed
specifications on the grade or type of carbon material sample used in vacuum arc and
VAT studies.
The erosion behaviour of carbon cathodes is clearly different to those comprised of pure
metals. Deep craters were typically seen in pure carbon and graphite samples, whilst
the modest inclusion of a highly-conductive metal to graphite (15% by volume) enabled
surface erosion characteristics similar to that of metals. By improving the thermal prop-
erties of graphite cathodes and increasing spot motion, erosion rates as low as 33.4 µg/C
(material C-3) could be accomplished.
The erosion rate of carbon cathodeswas generally robust against the arc pulse length and
showed general agreementwith literature. Surprisingly, Er trends for copper-impregnated
graphite were opposite to that of metals, generating higher Er at short pulses and lower
Er at long pulses. Interpreting these results in conjunction with previous studies sug-
gests the possibility that operating at even longer pulse lengths (on the order of seconds)
may lower cathode erosion rates even further. Detailed MP studies on carbon cathode
materials is recommended.
Average thrust production from pure carbon cathodes (350–383 µN/A) was significantly
higher than predicted by the empiricalmodel (262µN/A). Reasons for this are not clear at
this stage, where measured improvement in the thrust correction factor of 18.3% to give
CT = 0.757 can only account for roughly half of the enhanced levels of thrust production
observed. Additionalmeasurements of ion current and ion energies are therefore needed
to investigate this discrepancy. Copper-impregnated graphite cathodes also generated
high average thrust production levels (267–327 µN/A), but showed a gradual increase in
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T /I over the test duration compared to the gradual thrust decrease seen in pure carbon
cathodes (due to deep crater formation). This places metal-graphite compounds at an
advantage over pure-carbon cathodes in maintaining good thruster performance over
long operating times.
All carbon-based cathodes generated very high thruster performance, with some pro-
ducing excellent initial thrust-to-power ratios and specific impulse values amongst the
highest seen in VATs (16–36 µN/W, 700–1000 s). It was also argued that material mi-
crostructure and composition played a prominent role in determining cathode perfor-
mance. Materials comprised of a combination of fine microstructure and possessing
high electrical resistivity were generally found to deliver high levels of thrust per arc cur-
rent and low erosion rates.
Further evidence for CEX as the main cause of increased thrust production at longer arc
pulse lengths proposed in Chapter 5 was seen in carbon VAT thrust tests, which failed
to show any measurable difference in T /I between short- and long-pulsed operation.
This was expected since carbon ions from a pulsed vacuum arc were previously found in
literature to be almost entirely singly-charged.
Finally, the time-dependence of carbon VAT performancewas seen in thrust data, where
the arc voltage was noticeably lower, often by more than half, at the beginning of the
thrust test and quickly rising as thruster operation progressed. This was likely due to
the quick erosion of cathodematerial away from the triggered edge as well as the forma-
tion of deep craters, both of which increased the interelectrode surface gap between the
VAT electrodes. It is possible that an improved electrode design incorporating a feeding
mechanismmay eliminate the unwanted performance degradation seen here, achieving
full utilisation and best performance possible from carbon cathodes.
Chapter 8
Discrete anode switching technique
8.1 Introduction
As argued in Chapter 1, increased spot motion causes less local heating and melting of
the cathode with the overall result of decreased macroparticle production and erosion
rate. This kind of operation is desirable because it means that less propellant is con-
sumed to produce the same amount of thrust, i.e. higher specific impulse values and
efficiency. This study explored the use of the discrete anode switching technique in an
effort to increase spot motion and hence reduce cathode erosion. The first reported use
of this technique was by Vergason et al. (2001), whose aim was to improve the charac-
teristics of thin films in industrial coating applications. By utilising several discrete an-
odes individually switched in a cyclical fashion, a considerable reduction of cathode sur-
face roughness andmacroparticle contentwas achieved. Although cathode erosion rates
were not directly measured, it is safe to assume that the reduced quantity of generated
MPs also corresponded to a decrease in cathode erosion.
The test conditions used by Vergason et al. (2001) were for large titanium cathode bars
run at 120 A arc current and arc times of 250 ms, 5 s and 120 hours. In contrast, the
VATs in this study operated with much smaller-bodied cathodes and at lower arc cur-
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rents and pulse lengths. Thus, it was not initially clear if anode switching would be an
effectivemechanism for improving VAT performance and operation. This study assesses
the adaptation of the Discrete Anode Switching (DAS) technique to VATs.
8.2 Description of anode switching setup
8.2.1 Anode design
The anode electrode wasmodified in a number of ways. Firstly, the standard copper ring
anodeof the baselineVATwas replacedwith a six-segment split anodedesign as shown in
Figure 8.1. Each anode segment was mounted against the side of the insulator tube and
could be electrically isolated from one another or paired as desired. Secondly, a manu-
facturing change to the insulator’s conducting filmwas implemented, where a thick layer
of conducting carbon paint was used instead of the usual pencil graphite film. This en-
sured good mechanical strength between the anode segments and the thin conducting
graphite film. Application of carbon paint also allowed much lower contact resistance
between the anode and conducting film, reducing the rate of film erosion during VAT
operation. A suitable film thickness and junction manufacturing layout was found to
ensure good and desired VAT operation as shown in Figure 8.2. Table 8.1 lists the elec-
trical contact resistances typically manufactured at the thruster’s various interelectrode
junctions.
Table 8.1: Typical electrical resistances of interelectrode junctions of the segmented anode VAT
design
Junction Resistance (kΩ)
Anode-graphite film 0.1–0.5
Graphite film-cathode 5–20
Anode-graphite film-anode > 20–50
CHAPTER 8. DISCRETE ANODE SWITCHING TECHNIQUE 182
Figure 8.1: Anode designs used in this study on a baseline VAT: (a) standard ring and (b) six dis-
crete segments.
Figure 8.2: Close up of a semi-built segmented anode VAT with graphite film installed on three
equally spaced anodes. Once graphite film construction was completed, the cathode rod and
remaining anodes weremounted with final film touch up.
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8.2.2 Switching patterns and times
Due to a limited number of available power feedthrough electrodes installed on the test
vacuum chamber, only three active anodes (or anode pairs) could be independently con-
trolled during thruster firing. Figure 8.3 illustrates twodifferent anode switching patterns
that were used in this study.
Figure 8.3: Schematic of anode switching patterns. Black dots and arrows represent cathode
spot(s) and their expected forcedmotion over the surface at various stages in the anode switching
sequence according to (a) triangular motion with three active and inactive (or “dead”) anodes
used, or (b) cross-shaped motion with three active anode pairs.
The first anode switching pattern (Figure 8.3a) consisted of activating each of the three
anodes spaced equally apart in a repetitive circular sequence. The remaining three an-
odes were kept inactive (or “dead”) and played no role in the vacuum arc other than to
restrict plasma from exiting the side of the VAT. The “dead” anodes were not connected
to the conducting film or pulse circuit. This mode of operation was observed to cause
the spots to move in a typically triangular fashion.
The second anode switching pattern (Figure 8.3b) consisted of three connected pairs
of anodes. This configuration allowed all six anode segments to be controlled with only
three anode switching commands. By connecting two oppositely-facing anode segments
into a pair, the first segment (with conducting film installed) triggered the beginning of
the arc pulse. During the arc, plasma filled the near-cathode region and allowed the sec-
ond segment (with no conducting film installed) to become electrically active as well.
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Eventually, the second segment became favoured as the primary current-carrying anode
due to the lower electrical resistance between it and the cathode, with the plasma acting
as a conducting bridge. Thus, the desired result is to force the arc spot(s) to travel in a
crossed-shaped pattern, following each preferred anode segment with each cycle. This
technique of using multiple and preferential anode switching operation was inspired by
the established use ofmechanical triggers inDC vacuumarc sources pioneered by Sablev
et al. (1974), plasma torch designs by Schein et al. (2007) and VAT design work by Krish-
nan (2009).
Switching frequencies of 4–16 Hz were used by Vergason et al. (2001) to ensure that the
anode switching time was comparable to or much smaller than the 0.25–5 s arc pulse
durations used (1–80 switching operations within a single pulse). This was done in order
to encourage the arc spot(s) to “follow” the active anode within a single arc pulse. A
similar approachwas used in this study, where switching times of T1 = 45, 120, and 520 µs
were chosen when running the DAS technique for VATs operating with pulse lengths of
200–2000 µs long.
8.2.3 DAS control system
The DAS switch control system (SCS) was comprised of a set of IGBT transistor switches
connected into the VAT pulse circuit to control its power output. A circuit schematic of
the SCS is shown in Figure 8.4. Each IGBT (Q1,Q2 andQ3) was powered by an electrically
floating gate driver (G1,G2 andG3) and commands to each gate driver were sent froman
Arduinomicrocontroller (S1, S2 and S3). User inputswere sent to themicrocontroller via
PC to adjust the anode switching times as desired. Optocouplers (U1,U2 andU3, model
H11L1M-FC) were used to electrically isolate the microcontroller from the SCS. A cache
of 9 V batteries (V1,V2 andV3) were used as floating voltage sources for the optocouplers
and gate drivers. The gate drivers and IGBT components used were the same model
types as for the main VAT pulse circuit. Current- and voltage-limiting resistors for the
optocouplers and gate drivers are omitted from the schematic for visual clarity. Battery
power for each optocoupler is also omitted. Note that the arc voltage being measured
here includes the voltage drop across the anode IGBTs. This makes the measured arc
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voltage conservatively a few volts higher than the potential drop between the anode and
cathode electrodes.
Due to inherent speed restrictions in the microcontroller, a single command to the an-
odes to switch states took 20 µs to be executed. A lower anode switching limit of 40 µs
was therefore dictated by the current switching control system used. To protect the SCS
and VAT pulse circuit, a transitional phase was applied between each anode switching
step, where both the prior anode and the next anode in the switching sequence were
both active for a brief period of T2 = 20 µs before fully transitioning to only the next an-
ode being active and deactivating the prior anode in the switching sequence. Therefore,
each anode (or anode pair) was active on their own for periods of ∆T = 5, 80 and 480 µs.
Figure 8.5 shows the anode signal switching timeline used for both the triangular and
cross-shaped patterns where
T1 = T2+∆T +T2 (8.1)
The SCS was linked to the VAT pulse circuit trigger signal such that it would only begin
switching once the VAT circuit began powering the VAT. The SCS was also configured
to disconnect the VAT from the pulse circuit after a short period of time to ensure that
arc current did not continue flowing through the VAT longer than desired. For example,
after firing arc pulses of 500 µs long, the SCS kept the anode side of the circuit open for
250–500 µs for a total VAT closed-circuit duration of 750–1000 µs.
8.3 Testmethod
Initial tests showed that the cross-shaped anode switching pattern produced better sur-
face coverage and more uniform erosion of the cathode surface. Therefore, the majority
of test results presented heremade use of the cross-shaped anode switching pattern. The
graphite film at the interelectrode interfacewas rebuilt anew prior to each VAT test to en-
sure consistent and repeatable thruster operation. Erosion rate tests were performed for
a range of switching times (45, 120, 480 µs), cathode materials (Al, Fe, Bi, AF-5, C-3) and
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Figure 8.4: Schematic circuit diagram of DAS switch control system comprised of three switch-
ing subsystems (one for each anode) incorporated into the VAT pulse circuit. Each subsystem
is comprised of an optocoupler to receive Arduino commands, a floating voltage source, a gate
driver and a dedicated IGBT switch to control a discrete anode.
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Figure 8.5: Anode signal switching timeline for each anode signal (S1, S2 and S3) where T1 is the
anode active switching time (45, 120 and 520 µs), T2 is the transition time (20 µs) and ∆T is the
dedicated anode activation time (5, 80 and 480 µs).
arc pulse currents (25, 50 A) and pulse lengths (200–2000 µs) to characterise the effective-
ness and limits of the DAS technique. Finally, a thrust test was performed on one of the
discrete anode VAT designs to verify that the DAS technique did not negatively interfere
with plasma production.
8.4 Results & discussion
8.4.1 Erosion behaviour across different cathodematerials
TheDAS techniquewas tested on a variety of cathodematerials to assess its effect on ero-
sion behaviour. Figures 8.6 and 8.7 present erosion patterns on several cathode samples
(Al, Fe, Bi, AF-5 and C-3) operating with DAS (120 µs switching time, crossed pattern).
Short pulses (300–400 µs, 5 Hz) were especially used to observe the limits of erosion cov-
erage. Each material experienced a net eroded mass loss of 2.4–3.9 mg (except Bi, ∆m =
28.5 mg).
Significant differences in erosion behaviour across the range of cathode materials were
observed. The level of spot motion and extent to which the spots spread out over the
surface could be attributed to the varying thermal conductivities of the materials stud-
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Figure 8.6: Erosion patterns on (a) Al, (b) Fe and (c) Bi cathodes subjected to discrete anode
switching (120 µs switching time, crossed pattern). Levels of erosion are labelled according to
severity. A high-contrast image of each cathode provides an approximate visual indication of
cathode spot erosion coverage. Pulses characteristics are I = 50 A peak and tp = 300–400 µs long.
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Figure 8.7: Erosion patterns on (a) AF-5 and (b) C-3 graphite cathodes subjected to discrete an-
ode switching (120 µs switching time, crossed pattern). Levels of erosion are labelled according
to severity. A high-contrast image of each cathode provides an approximate visual indication of
cathode spot erosion coverage. Pulses characteristics are I = 50 A peak and tp = 300 µs long.
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ied. For example, Al (high thermal conductivity, Figure 8.6a) demonstrated very good
erosion coverage, whilst Bi and AF-5 (low thermal conductivity, Figures 8.6c and 8.7a re-
spectively) maintained poor coverage with most erosion craters occurring close to the
triggered edge. Fe and C-3 (medium-to-low thermal conductivity, Figures 8.6b and 8.7b
respectively) showed moderate coverage with an untouched central area of the cathode
surface. Thus, the material-dependant “stickiness” or mobility of the cathode spots de-
termined to a large degree the effectiveness of the DAS technique to induce spotmotion.
The number of cathode spots present on the surface did not appear to affect coverage.
For example, although a large number of spots were present in Bi, the majority of craters
appeared closely located. In contrast, Al showed good erosion coverage despite only hav-
ing a single arc spot. It is surmised that the self-magnetic field within the spots was in-
sufficient to cause spot spreading (as discussed by Boxman et al. (1995)) due to the low
arc current level used in these tests (I = 50 A peak). Thus, operating at higher arc currents
(e.g. 100–200 A peak) may improve the effectiveness of the DAS technique by forming a
greater number of spots and encourage spot spreading on the cathode surface.
8.4.2 Switching limits
A preliminary study was performed to determine some of the operational limits to which
the DAS technique would influence the cathode erosion rate. Conservative VAT tests
were run on a Fe cathode with low peak arc currents (25 A), short pulses (∼250 µs) and
low average power levels (1–2 W). A large range of switching times were tested, ranging
from as little as 0.5 pulse per switching operation (120 µs) up to 50 pulses per switching
operation. For reference, erosion tests were also performed for VATs with (1) all discrete
anodes connected as a common anode and (2) the standard ring anode. The results of
the tests are presented in Figure 8.8.
Figure 8.8 shows that the manner in which DAS is implemented is important. Operat-
ing at fast switching times of 0.5 to 1 switching operation per arc pulse (120 and 520 µs
respectively) showed no improvement to the erosion rate compared to the standard VAT
design. Thus, results suggest that DAS is ineffective for VATs operating at low arc cur-
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Figure 8.8: Erosion rate results demonstrating lower limits of operation and switching times of
DAS technique applied to baseline VAT design with Fe cathode. Pulse characteristics are I = 25 A
peak, tp = 200–330 µs pulse lengths and 1–2 W average thruster power. Anode triangular switch-
ing pattern was used.
rents and short pulses. Furthermore, operating with 5–50 pulses or even no switching for
each discrete anode produced worse erosion rates over the standard ring design (16.6–
68.8% higher). This occurred because spot motion was restricted to a local area of the
cathode surface closest to the active anode segment, increasing local temperatures and
(likely) MP production. Thus, operating with at least one switching operation per pulse
is recommended when implementing the DAS technique in VATs.
8.4.3 Effect of DAS with varying arc pulse length
As was previously established in Chapter 5, the pulse length was found to have a strong
influence on cathode erosion rate during nominal VAT operating conditions. With this
in mind, a study of different DAS switching times was applied to a Fe cathode operating
with peak arc current I = 50 A for a range of pulse lengths. Figure 8.9 provides a map of
erosion rate results for 45, 120 and 520µs switching times at short and long pulse lengths.
Applying the DAS technique at short pulses (≤ 500 µs) did not show any improvement to
the erosion rate (DAS results follow the same interpolated line of baseline VAT results).
This may be interpreted such that DAS was unable to increase spot motion beyond the
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spot mobility limit of the cathode material. However, the DAS technique was success-
ful in achieving reductions in the cathode erosion rate when operating with long pulses
(1.5–2 ms). As expected, smaller switching times showed greater reductions in Er (520
µs→ 5%, 120 µs→ 11%, 45 µs→ 24%, estimated by comparing the interpolated Er re-
sults of the baseline VAT at equivalent pulse lengths). Erosion rate data also suggested
that the effectiveness of the DAS technique improved as the pulse length increased, suc-
cessfully distributing the increased heat load on the cathode surface to a level similar
to that present during short pulsed operation. These results support previous evidence
in Chapter 5 showing that the erosion rate of a cathode depends more on the heat load
within the local spot vicinity than that averaged over the cathode surface. A possible and
significant consequence of reducedmelting and erosion is themitigated production and
release of MP’s. Further study is needed to properly assess this aspect of DAS-enhanced
VATs.
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Figure 8.9: Erosion rate results for different switching times as a function of arc pulse length.
Tests performed on Fe cathode running at I = 50 A peak. Erosion results for the baseline VAT
operating with the standard anode ring is included for comparison.
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8.4.4 Thrust
Thrust measurements on a Fe cathode operating with DAS (45 µs switching time) as
shown in Figure 8.10 revealed that a DAS-enhanced VAT generated 21.6% higher average
levels of thrust production over a baselineVAToperating at the sameaveragepulse length
(319 µN/A vs. 262 µN/A at tp = 1997 µs). This result shows that the thrust-production
benefits of long pulsed operation can be sustained and even improved whilst simulta-
neously mitigating the higher operating heat loads and keeping the erosion rate low (in
this test, measured Er = 53.0 ±1.1 µg/C). The additional increase in average thrust lev-
els could be explained by the reduced production and presence of MP’s, which tend to
absorb or impede the ion flux.
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Figure 8.10: Direct thrust measurements for Fe cathode operating in long-pulsed mode with and
without DAS implementation. Baseline thrust data was obtained from Figure 5.7 with error bars
omitted for visual clarity. DAS-enhanced VAT operating conditions were I = 50 A peak, f = 6 Hz,
45 µs switching time (crossed pattern) run up to a total charge of
∑
Q = 92.5 C.
There are two important findings here – (1) the action of increased spot motion (also
achieved by conically-shaped cathodes in Chapter 6) has no observable negative effect
on thrust production, and (2) it is the additional ionisation of neutrals, and not neces-
sarily the added heating, melting and erosion of the cathode during long arc pulses, that
determines the increased production of thrust.
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8.4.5 Overall performance
Table 8.2 compares specific impulse performance for (1) short- and (2) long-pulsed base-
line VATs as well as for (3) a DAS-enhanced VAT. Average thrust per arc current values for
cases (1) and (2) were obtained by interpolating against the average linear trend lines of
Figure 5.7, whilst average erosion rate values for case (2) was obtained by linear interpo-
lation of Er values in Figure 5.2. As expected (and discussed in detail in Chapter 5), the
long-pulsed baseline VAT suffers from a 22.1% drop in Isp due to the large increase in
Er when compared to the short-pulsed VAT. However, the DAS-enhanced VAT was suc-
cessful in achieving a significant overall positive gain in Isp of 614 s – signifying a 27.9%
higher specific impulse compared to the short-pulsed baseline design and 50.0% higher
specific impulse over the long-pulsed baseline design.
Table 8.2: Comparison of thruster performance for three selected Fe VATs operating with (1) short
pulses (baseline design), (2) long pulses (baseline design) and (3) long pulses andDAS implemen-
tation. Peak arc current at I = 50 A.
Fe VAT design tp (µs) T /I (µN/A) Er (µg/C) Isp (s) Diff.
Baseline (short) 156 207† 44.0 480
Baseline (long) 1997 262† 71.4* 374 -22.1%
DAS, 45 µs switch 1997 319 53.0 614 +27.9%
† Estimated by linear interpolation of T /I trend line in Figure 5.7.
* Estimated by linear interpolation of Er values in Figure 5.2.
It is unknown if an upper limit exists for DAS-induced spot motion and its improvement
to overall thruster performance. Under general VAT operating conditions, this limitation
is expected to depend (in approximate order of influence) on (1) the cathode material’s
thermal conductivity, (2) the arc pulse length, (3) the DAS’ switching time, (4) the arc
current level, (5) the number of cathode spots present and (6) the cathode body’s aver-
age temperature. In contrast, the influence of magnetic fields to steer cathode spots (as
widely reported in literature and used in industry) appear to be of sufficient strength to
overcomemany of the above-mentioned factors. Future studies on combined use of DAS
andmagnetic steering may prove to be of scientific interest and practical benefit.
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8.5 Summary
The discrete anode switching technique was successfully demonstrated to be a novel
and feasible method of controlling the erosion behaviour of a VAT. However, a number
of factors limited the effectiveness of DAS implementation. For example, the arc current
and anode switching frequency must be sufficiently high to generate appreciable spot
motion, and the switching time preferably shorter than the arc pulse duration.
The cathodematerial’s thermal conductivity determined to a large degree the amount of
erosion coverage or spotmobility present on the cathode surface. Highly conductivema-
terials such as Al demonstrated excellent spot mobility, whilst low conductive materials
such as Bi exhibited poor mobility. The relationship between cathode spot mobility and
material thermal conductivity, which was not explicitly characterised in VATs until now,
has wider implications for ensuring good cathode erosion behaviour in a VAT design.
Although implied, the reduction of MP emission with the DAS technique (an attractive
benefit for the VAT) must still be experimentally verified.
A case study on Fe operating at I = 50 A peak and various pulse lengths was performed.
Reductions of up to 24% in erosion rate were achieved when DAS was used at long arc
pulses, whilst no improvements were observed during short pulses regardless of switch-
ing frequency. This suggested that the material’s characteristic spot mobility limit had a
dominant influence during short-pulsed operation of the VAT.
Thrust tests on theDAS-enhanced Fe VAT confirmed that anode switching or forced spot
motion alone does not negatively affect thrust, but can actually improve it by more than
20%. The thrust test also answers a number of questions raised in Chapter 5 about the
nature of increased thrust production of VATs under long-pulsed operation andmitigat-
ing the negative effects of the inherently higher thermal load on the cathode erosion rate
and overall thruster performance. The DAS technique was able to increase the Fe VAT’s
specific impulse by up to 27.9 % over the short-pulsed baseline design. Further investi-
gation is required to test the limits of DAS on other cathodematerials and VAT designs.
Chapter 9
Synthesis
9.1 Overview
Although the intention of each of the four major experimental studies of Chapters 5–8
was to address a specific aspect of VAT design, several overlapping and complementary
findings exposed a number of common themes and new insights into the fundamental
behaviour and performance of VATs that would not have been obvious otherwise. This
short chapter includes: (1) some comments on the roles of arc pulse length and spot
motion on VAT design and performance, (2) consolidated test data showing a possible
relation between cathodematerial and the thrust correction factor, (3) a brief exploration
on the combined use of DAS and conical cathodes, and (4) for the reader’s convenience,
an overall summary of performance gains achieved by various VAT designs in this work.
9.2 The use of long arc pulse lengths
This work elevates the importance and utility of arc pulse length in VAT design. Extend-
ing arc pulse lengths into the millisecond range was key to achieving useful test results
in a number of studies, e.g. on conical cathodes shapes and the discrete anode switching
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technique. In both cases, the enhanced thrust performance of long pulses was leveraged,
whilst successfully mitigating the unwanted effects of increased local cathode heating
by increasing spot motion. Operating long pulses on carbon cathodes was also useful
in building supporting evidence that CEX with neutrals is responsible for enhanced ion
production in VATs operating with long arc pulses.
The close link between the arc pulse length and the cathode design (size, shape, mate-
rial) as was widely established across various studies in this work means that VAT perfor-
mance is governed by an even greater number of critical design elements than was pre-
viously appreciated. Significant performance gains can be made by paying considerably
closer attention to the cathode’s electrode design and operational conditions, designing
both elements in concert with one another.
9.3 The key role of cathode spotmotion & coverage
Throughout this study, cathode spot motion and coverage over the cathode electrode
surface was found to play a pivotal role in the performance of the VAT. In terms of thrust
production, the manner in which the cathode spot(s) erodes the cathode will determine
the overall plasma jet shape (ICDD) and its ability to direct ion momentum in the nor-
mal direction (Chapter 5). In conjunction with the electrode’s shape (Chapter 6) and its
material properties (Chapter 7), spot motion and coverage also influences the efficacy of
ions leaving the thruster.
Many results in this work point to the deep connection between the cathode erosion rate
and the range & type of spot motion experienced. Figure 9.1 visually consolidates and
connects various aspects and properties of a VAT’s design into a simplified network of
interactions that ultimately determine the cathode’s erosion rate. Cathode spot motion
and coverage can be considered a central element in this network.
Outside this core of design parameters, lies a set of “external motivators” that to a large
extent, can influence cathode spot motion independently of the cathode’s design. These
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Figure 9.1: Simplified network interaction of factors influencing cathode erosion rate. Spot mo-
tion and coverage is seen as a central influence.
“motivators” can include the DAS technique as described in Chapter 8 and electromag-
netic fields, which influence and guide the spots via manipulation of the plasma in the
near-cathode spot region just above, and are inexorably linked to, the spots on the sur-
face below.
Therefore, with the aid of Figure 9.1, a recommended general strategy towards improv-
ing the performance of the VAT should be to direct, manipulate and guide, as much as
practically possible, various design features and properties towards a manner of spot
motion and coverage that encourages (1) a reduction in cathode erosion rate, and (2) an
enhancement of thrust production.
9.4 Effect of cathodematerial onCT
Influences on the thrust correction factormay includemore than just the arcpulse length.
Consolidation of baseline thruster CT results for various metals (Chapter 5) and C-3
(Chapter 7) in Figure 9.2 suggests that CT may also follow an increasing trend with the
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choice of cathode material (more specifically, the boiling point of the material) when
VATs are operated with long pulses. However, nomaterial dependence was seen for VATs
operated with short pulses. Additional study is needed to further verify and characterise
this interesting behaviour ofCT against cathodematerial.
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Figure 9.2: Relationship between material boiling point and average thrust correction factor.
Data taken from baseline VAT tests operating at I = 50 A peak in both short (500 µs) and long
pulses (1000–1500 µs) – see Table 5.3 and Figure 7.8.
9.5 Combined use of DAS and conical cathodes
Earlier in Chapter 6, measurements on conical cathodes revealed that they could experi-
ence erosion rates lower than the flat baseline cathode design. This was attributed to the
increased surface area and slope of the exposed cathode, which improved its capacity
to absorb heat from the arc and encouraged motion of the spot away from the triggered
edge towards the cathode’s central point. Likewise in Chapter 8, the DAS technique was
successful in mitigating the heat load experienced by a cathode operating with long arc
pulses by increasing spot motion and redistribution of the thermal load. Could both
techniques be used in a single VAT to achieve even lower cathode erosion rates?
The potential for further erosion rate reductions through the combined use of DAS and
conical cathodes was briefly assessed with a number of erosion tests on aDAS-enhanced
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VAT using a 120◦ and 135◦ conical cathodes. Table 9.1 lists Er measurements for various
conical VAT prototypes with and without DAS implementation.
Table 9.1: Comparison of erosion rate results for selected conical and baseline (flat) cathode
shapes with and without DAS implementation. Peak arc current I = 50 A. Cathode material is
Fe.
Anode design Cathode shape f (Hz) tp (µs) Er (µg/C)
Std ring 120◦ cone 3 2236 50.5 ±1.1
Discrete (45 µs switch) 120◦ cone 3 1912 50.6 ±1.9
Std ring Flat 20 236 44.0 ±1.1
Std ring 135◦ cone 5 331 46.9 ±2.8
Discrete (500 µs switch) 135◦ cone 5 298 41.8 ±1.1
Results showed that applying DAS to conical cathode designs provided little to no im-
provement to erosion rate. At long pulses, no change in Er was measured using a 120
◦
conical cathode. Thus, DAS was unable to improve spot motion and coverage beyond
what was already accomplished by the presence of the conical surface. At short pulses,
however, a 10.9% reduction in Er was measured using DAS on a 135
◦ conical cathode.
Further insight is given when comparing both short-pulsed conical cathode results to
the standard baseline cathode under similar arc conditions. The reason that the conical
cathode performed no better or worse1 than the standard cathode in this scenario was
likely due to poorer erosion behaviour. By operating with short pulses, most of the ero-
sion was observed to occur at the outer rim of the conical surface, which contains a thin
edge (poorer thermal conduction compared to the bulk cathode body). By encouraging
spotmotion with DAS, an improvement of at least 5% could bemade to the cathode ero-
sion rate over the baseline design. Thus, the DAS technique was shown to be capable of
achieving a modest reduction in Er at short arc pulse lengths, provided the VAT design
also incorporated a conical cathode shape to improve general spot motion.
Unfortunately, the combination of conically-shaped cathodes and the DAS technique
within a VAT was overall unsuccessful in generating appreciable reductions in erosion
rate. This showed that the DAS technique, as implemented in this work, was only bene-
ficial under a specific set of scenarios and will require further fine-tuning to be of wider
practical use (e.g. higher switching frequencies, different electrode designs and configu-
1The overlap of confidence bounds in both results is such that themean values may not differ with suffi-
cient statistical significance.
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rations).
9.6 Overview of VAT specific impulse performance gains
Figure 9.3 summarises the range of Isp values measured for selected VAT prototype de-
signs listed throughout this study. Short-pulse baseline VATs are included to indicate the
current typical state-of-the-art in VAT performance. Long-pulsed VATs perform poorer
than the baseline due to the increased erosion rate of the cathode under increased ther-
mal loading. The use of Fe as cathode fuel served as a key example throughout the work
on various VAT performance changes and improvements. Although the performance of
Fe reduced when operating under long pulses, a conical cathode shape and the use of
DAS enabled a significant increase in Isp over its baseline design of up to 54%, despite
their combined use with long pulse operation.
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Figure 9.3: Summary and comparison of prototype VAT performance levels (specific impulse)
measured within this study. The list includes carbon-based cathode materials and metal cath-
odes operating in long- (L) and short-pulsed (S) modes. Performance of conical (120◦) and DAS-
enhanced (45 µs) Fe cathodes are also shown. Each element type is colour-grouped for visual
aid.
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Carbon-based cathode materials are the highest-performance group of tested cathodes,
with 75–250% greater Isp over the baseline Fe VAT illustrated here. The best perform-
ing graphite cathode was shown to be EDM material C-3, comprised of 15% Cu and an
average particle size of 5 µm. Challenges still remain, however, with the practical use
of carbon cathodes – their poorer erosion behaviour compared to metal cathodes will
require more careful consideration when designing the electrode arrangement and any
feeding mechanisms.
Chapter 10
Conclusion
10.1 Overview
Microthrusters are a key technology needed in the small satellite community and indus-
try for expanding the capability, agility and longevity of satellite missions. Vacuum arc
thrusters possess several attractive features that enable it to serve this need by offering
a potentially small, simple and safe propulsion solution. However, VATs have relatively
limited flight experience and hardware maturity, deliver promising but modest perfor-
mance levels, and are lacking in several areas of thruster design philosophy and func-
tional understanding. In an effort to address these issues, this work explored a number
of design, operational and material aspects, contributing to greater understanding and
performance enhancement of vacuum arc thrusters.
To accomplish this work, a high-vacuum facility together with high-fidelity performance
diagnostic tools and equipment was designed, built, tested and commissioned. A direct
thrust stand, Faraday Cup probe, two-axis rotation system and ion collector were suc-
cessfully developed to extensively measure the performance of several VAT prototypes
powered by pulsed power circuits. The use of baseline thrusters, with comparable per-
formance to literature, were a key and crucial element in the examination of new thruster
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designs as well as in the verification and validation of diagnostic equipment. Four main
areas of VAT design and operation were undertaken, namely studying the effect of (1)
longer arc pulse lengths and (2) conical cathode electrode shapes; (3) the novel use of
carbon and graphite compounds as cathode fuels; and (4) the use of heat management
techniques such as discrete anode switching. An overview of each study and its findings
are given below.
10.1.1 Arc pulse length
Operating VATs with ms-long arc pulse lengths generated a number of distinct opera-
tional and performance differences over traditional short-pulsed VATs. The most sur-
prising of all was in the observed increase in ion production rates (10.4–16.6%) and thrust
per arc current values (11–24.9%). Charge exchange collisions with neutrals was seen as
themost plausible explanation for this effect, but this requires direct verification. The in-
crease in erosion rate with increasing pulse length showed that cathode erosion depends
more on local cathode heating processes rather than average heat distribution. The role
of macroparticle production in negatively influencing the ion flux was also recognised,
but needs further quantification. Finally, the thrust correction factor was shown to be
affected by the arc pulse length, which controlled themanner of cathode surface erosion
and distribution of ion emission. This suggests that an optimal condition for maximum
ion momentum in the normal thrust direction exists.
10.1.2 Cathode shape
The use of conically-profiled cathode shapes in VATs were shown in a majority of cases
to deliver superior levels of thrust as well as reduced levels of erosion rate, achieving
specific impulse improvements of over 60% compared to baseline thrusters. The conical
shapewas particularly effective towards increasing cathode spotmotion such that higher
heat levels present during long-pulsed operationwere essentiallymitigated. The coupled
effect of arc pulse length and cone angle on the plasma jet profile was recognised as an
important, but complex factor in conical VATs and requires further attention. Although
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changes to the ICDD due to the conical cathode geometry is considered as a possible
source of the observed thrust increases, the potential role of plasma acceleration and
CEX needs to be examined.
10.1.3 Carbon cathodes
Several cathodes made of carbon, graphite and graphite-compounds were successfully
tested and characterised. The performance of carbon was found to be highly depen-
dent on material microstructure and thermal properties, such that each type or grade
of carbon could be considered a unique cathode material. The combination of fine mi-
crostructure and high electric resistivity of the carbon material was generally found to
deliver high levels of average thrust production (350–383 µN/A) and low erosion rates
(33.4–49.2 µg/C). In particular, copper-impregnated graphite material C-3 produced the
highest specific impulse (998 s) of any cathode material ever tested in a VAT. The inclu-
sion of copper into a graphite compound was significant enough to counteract the poor
erosion behaviour of pure graphite (deep craters instead of gradual erosion) by improv-
ing its thermal properties and increasing spot motion. Test results also suggested that
the erosion rates of copper-impregnated graphite cathodes improved with longer pulses
over the 250–1000 µs regime, a behaviour contrary to that of other materials, including
metals. The high thrust levels produced by carbon cathodes remains unexplained by
present empirical model predictions and can only be partially accounted for by a 18.3%
higher measured thrust correction factor of 0.757.
10.1.4 Discrete anode switching
The control of spot motion using the discrete anode switching technique was feasibly
demonstrated to improve the erosion characteristics and reduce the erosion rate of the
cathode. The DAS technique was found to be most effective at long arc pulse lengths
and short anodes switching times (achieving up to 24% lower Er ), but was ineffective
at short pulse lengths. The thermal conductivity of the cathode material was shown to
have a significant effect on the mobility of the cathode spots and manner of cathode
CHAPTER 10. CONCLUSION 205
erosion, an effect not previously considered in VATs. Finally, a DAS-enhanced Fe VATwas
demonstrated to suffer no adverse effects on thrust production as a result of modified
spot motion and even showed a 21.6% improvement in average thrust production over
the baseline design.
10.2 Recommendations
Although extensive measurements of thrust, ICDD and erosion rate were undertaken,
additional diagnostic studies are needed to help resolve many of the open-ended results
and conjectures arising from this work. Specifically, detailed analyses of MP spatial and
size distributions, ion charge state distributions and ion energy distributions should be
made. Preliminary total ion current measurements in this study showed significant un-
explained discrepancies with literature in a number of test cases, suggesting further re-
view of the ion current test method used.
The test range of peak arc currents and cathode sizes needs to be extended. Heat man-
agement in the relatively small cathode (6.35 mm) was an evident issue that limited the
pulse firing rate of VAT prototypes and their ability to absorb increased heat from long
pulse length operation. Other VAT designs may also reveal additional optimum design
points and further the development of a more complete VAT design philosophy.
Performance testing and characterisation of new or underutilised cathode materials is
encouraged. Also, the promising results of copper-impregnated graphite compounds
opens up the possible use of a wide and never-before-studied range of materials such as
carbides,metal-matrix composites andmetal-alloy-carbon compounds for use as poten-
tial high-performance cathode fuels for VATs. The inclusion of metals other than Cu in
customised recipe proportions could be considered as candidates for further improving
the thermal properties and performance of carbon-based cathodes.
Tighter control over the arc pulse length is highly desired. Some reduction in the uncer-
tainty of tp was accomplished by using the SCS circuit in Chapter 8 to limit themaximum
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arc pulse length in some later tests, but control still remains limited. The variability of tp
made comparisons between many test results rather difficult, especially for the cathode
shape study, which included the coupled effect of cone angle and pulse length on thrust.
Better control of the pulse length will also allow more stable thrust in VATs, which is a
desirable feature of a micro-propulsion system. Future work should quantify in better
detail the repeatability and accuracy of the VAT to perform specific thrust manoeuvres.
Although the present thruster design was flexible enough to easily test a large number
of different cathode samples, the electrode design limited the use of conical cathodes in
some ways. For example, triggering the arc at the edge of the cathode rod resulted in
erosion that made the cathode surface flatter over time instead of maintaining the con-
ical shape being tested. A centrally-located arc triggering mechanism may offer a better
design option. The lack of a feeding mechanism also meant that the cathode eventu-
ally receded away from the insulator edge, which widened the interelectrode gap and
reduced the stability of the vacuum arc over time. This was a particular problem for low
density materials such as graphite. Present implementation of the triggerless arc trig-
gering mechanism in VAT prototypes also experienced degradation at longer operating
lifetimes. Thus, only a limited number of arc pulses (∼ 104) could be fired before thruster
operation became unstable. Although this lifetime was of sufficient duration for the tests
performed in this work, cathode feeding and triggering issues must be addressed in sub-
sequent VAT designs.
Other vital and logical extensions to this work include: (1) long-term performance stud-
ies, (2) eliminating thruster failure modes, especially interelectrode gap and insulator
failure, (3) exploring and mitigating the potential effect of MP contamination on sur-
rounding surfaces, (4) addressing EMI, pulse circuit design limitations and power ef-
ficiency in the VAT, (5) developing the role and design of the anode electrode, and (6)
studying the integrated use of magnetic and electric fields with this work’s new designs
to further enhance VAT performance.
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Appendix A
Empirical VAT performance table
Table A.1 lists various metallic cathode materials and vacuum arc plasma properties as
measured under “standard” arc conditions (100–200 A, 250–500 µs) on small diameter
cathode rods as well as predicted VAT performance according to Polk et al.’s (2008) em-
pirical model. Parameters such as ion-to-arc current ratio and erosion rates have been
updated to reflect latest literature findings and results reported in this work. The ion ero-
sion rate Ei is equivalent to the ionmass flow rate m˙i , which is a function of the ionmass
and average charge state and the ion-to-arc current ratio (see Equation 2.1). The ion
mass fraction Ei /Er gives an indication of what proportion of the ejected fuel consists of
ions (an Ei/Er ratio close to 1 means that the plasma is well-ionised).
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g
(amu) (%) (km/s) (µg/C) (µg/C) (V) (µN/A) (s) (µN/W) (%) (g/cc) (W/mK)
Mg 24.3 12.7% 1.5 19.8 21 31 0.69 18.8 481 0.6 254 834 13.5 5.5% 1.74 146
Al 26.3 11.2% 1.73 15.4 18 28 0.63 23.6 405 0.59h 161 584 6.8 1.9% 2.70 218
Ti 47.9 9.7% 2.1 15.4 23 30 0.77 21.3 738 0.6 212 721 10.0 3.5% 4.51 25
Cr 52.0 7.5% 2.1 16.3 19 20 0.96 22.9 848 0.6 188 960 8.2 3.9% 7.14 49
Fe 55.9 8.0% 1.82 12.6 25 48 0.53 22.7 704 0.56h 181 385 8.0 1.5% 7.87 32
Ni 58.7 7.8% 1.8 11.5 26 47 0.56 20.5 675 0.6 182 395 8.9 1.7% 8.91 83
Co 58.9 9.6% 1.7 12.1 35 44 0.78 22.8 713 0.6 251 580 11.0 3.1% 8.90 43
Cu 63.6 11.4% 2.0 13.2 38 51 0.74 23.4 840 0.6 298 595 12.7 3.7% 8.92 339
Zr 91.2 10.5% 2.6 15.4 38 53 0.72 23.4 1404 0.6 353 679 15.1 5.0% 6.51 33
Ag 107.9 8.0% 2.1 11.1 43 140 0.30 23.6 1198 0.6 284 207 12.0 1.2% 10.49 361
Cd 112.4 12.0% 1.3 6.8 108 620 0.17 16.0 764 0.6 439 72 27.4 1.0% 8.65 95
W 183.9 5.0% 3.1 11.1 31 55 0.56 31.9 2041 0.6 205 380 6.4 1.2% 19.25 31
Pb 207.2 14.3% 1.6 5.8 192 510 0.38 15.5 1202 0.6 669 134 43.1 2.8% 11.34 95
Bi 209.0 10.2% 1.17 4.7 189 950h 0.20 15.6 982 0.51h 449 48 28.8 0.7% 9.78 7
a Anders et al. (2005), except for Cr, Fe and Ag (measured by Kimblin (1973)) and Ni (predicted by Lun et al. (2010)).
b Brown (1994)
c Anders & Yushkov (2002b)
d Brown & Shiraishi (1990)
e Anders et al. (2001)
f Assumed Gaussian distribution (w = 1.1) and same electrode configuration as for this work’s baseline VAT.
g Incropera & DeWitt (2002), λk at molten temperature.
h Asmeasured in this work.
Appendix B
Derivation of thrust correction factor
The thrust correction factor ismeasure of what proportion ofmomentum from ions leav-
ing the vacuum arc thruster contribute to normal thrust. This factor takes into account
the plume divergence of the thrust plume and the spatial interference of the anode elec-
trode to the escaping plume. The assumption is made that the average ion charge state
and the average ion velocity of the plasma jet plume are spatially uniform. Therefore,
only the ion mass flow is considered to affect the thrust correction factor. This section
provides an alternative derivation of the thrust correction factor to that of Sekerak (2005).
One approach to solving this problem is tomake a direct analogy to a fundamental prob-
lem in basic thermodynamics of defining a view factor for radiation exchange between
two surfaces. The following solution is based on themethod of Incropera &DeWitt (2002,
p. 748). All ions are assumed to be emitted from the cathode surface, represented by a
single flat surface i with area dAi and normal vector ni . The anode electrode exit plane
is represented by a second flat surface j with area dA j and normal vector n j . A line of
length R connects the two surfaces, forming the polar angles θi and θ j . A schematic of
the coaxial thruster geometry with variable definitions in given in Figure B.1.
Considering the rate at which ion emission from dAi passes through dA j , the current
density (or intensity) Ji j is defined as the rate at which current is emitted by along the
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Figure B.1: Problem geometry and variable definitions used for calculating CT . Adapted from
Sekerak (2005).
R direction, per unit area of the emitting surface normal to this direction, per unit solid
angle about this direction, i.e.
Ji j =
d Ii j
dAi cosθidω j i
(B.1)
where dω j i is the unit solid angle subtended by dA j when viewed from dAi :
dω j i =
cosθ jdA j
R2
(B.2)
Combining and rearranging the above two equations results in
d Ii j = Ji j
cosθi cosθ j
R2
dAidA j (B.3)
Integrating over the two surfaces results in the total rate of emission
Ii j =
∫
Ai
∫
A j
Ji j
cosθi cosθ j
R2
dAidA j (B.4)
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The thrust correction factor (or view factor) is defined as the fraction of current that
leaves the cathode (Ai ) and is intercepted by the anode plane (A j ):
CT =
Ii j
Ai Ji c
(B.5)
Note that for this particular case, the two planes i and j are parallel to one another,mak-
ing θi = θ j . Normalising for unit drift length R = 1 and unit ejected ion current Ji c = 1,
CT may be rewritten as
CT =
1
Ai
∫
Ai
∫
A j
J ′ cos2θi dAidA j (B.6)
where J ′ = Ji j /Ji c . Based on the geometry shown in Figure B.1, the following expressions
are defined:
Ai = πr 2c (B.7)
cosθi =
L
l
(B.8)
Resulting in
CT =
1
π
∫
Ai
∫
A j
J ′
L2
l 2
dAidA j (B.9)
Non-dimensionalising the expression for any sized circular geometry results in the fol-
lowing:
CT =
L¯2
π
2π∫
0
2π∫
0
r¯a∫
0
1∫
0
J¯ ′
1
l¯ 2
r¯1r¯2dr¯1dr¯2dθ1dθ2 (B.10)
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where
rc = 1 (B.11)
r¯a =
ra
rc
(B.12)
r¯1 =
r1
rc
(B.13)
r¯2 =
r2
rc
(B.14)
L¯ = L/rc (B.15)
l¯ 2 = L¯2+ r¯ 21 + r¯ 22 −2r¯1r¯2cos(θ1−θ2) (B.16)
and J ′ is any arbitrary current density distribution.
Appendix C
Vector problems in ICDD
measurement
C.1 Determining the thrust vector from ICDD data
The thrust vector is defined as the force magnitude and direction comprised of the sum
total of all directed ion momentum, taking into account all radial and normally-directed
force components. For all cases studied here, this is equivalent to the vector sum of the
pitch and yaw components of peak measured ion flow. Figure C.1 illustrates the thrust
vector diagram and its components, where A, B and C are the respective yaw, pitch and
thrust vector magnitudes and βy , βp and βT are the respective yaw, pitch and thrust
vector deviation angles of peak ion flowmeasured in their respective planes.
Within Figure 3.28, there exist three right-angled triangles, AOZ , BOZ and COZ . Each
triangle has the following trigonometric relations:
tanβy = a/Z (C.1)
tanβp = b/Z (C.2)
tanβT = c/Z (C.3)
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Figure C.1: Vector diagram of thrust vector comprised of yaw and pitch components.
and
sinβy = a/A (C.4)
sinβp = b/B (C.5)
sinβT = c/C (C.6)
Also
c2 = a2+b2 (C.7)
Combining Equations C.1–C.3 and C.7 and eliminating the common factor Z , results in
an expression of the thrust vector deviation angle in terms of the pitch and yaw deviation
angles
tan2βT = tan2βy + tan2βp (C.8)
Combining Equations C.4–C.6 and C.7, results in an expression of the thrust vector mag-
nitude in terms of the pitch and yawmagnitudes and deviation angles
C sinβT =
√
A2 sin2βy +B2 sin2βp (C.9)
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C.2 Finding the true TARS thruster orientation angle
The problem of finding the true thruster orientation angle within the TARS range of mo-
tion is made complicated by the fact that the thruster assembly is oriented in three di-
mensional space using a combination of two variables – that is, the combined actuation
pitchα and yaw β rotation of the thruster assembly. These two positional variables must
be combined in order to determine the true thruster orientation angle γ. An elegant ge-
ometric solution was conceived by representing γ and pitch and yaw rotations as angles
of a tetrahedron, with three of its six edges of equal size r as illustrated in Figure C.2.
Figure C.2: Geometric representation of thruster orientation angle problem using a tetrahedron
Two smaller right-angles triangles are drawn inside the tetrahedron such that the follow-
ing Pythagorean relationships can be established:
c2 = y2+d2 (C.10)
d2 = z2+e2 (C.11)
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Rewriting the relevant edges in terms of r , α, β and γ using trigonometric identities:
c2 = 2r 2 (1−cosγ) (C.12)
e = r (cosβ−cosα) (C.13)
y = r sinα (C.14)
z = r sinβ (C.15)
Combining Equations C.10–C.15 results in
2r 2
(
1−cosγ
)
= r 2 sin2α+ r 2 sin2β+ r 2
(
cosβ−cosα
)2
(C.16)
Final rearranging leads to the following simple relationship between the true thruster
assembly orientation angle and the actuated pitch and yaw rotation angles
cosγ= cosαcosβ (C.17)
Appendix D
Additional experimental data
D.1 Pulse length study
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Figure D.1: Average thrust per current results for baseline VAT with Al cathode operating at 50
A and 100 A peak arc current at various pulse lengths. A linear fit through 50 A data shows an
increase in average thrust production with increasing pulse length from 141 µN/A at 500 µs to
172 µN/A at 2000 µs (22.0% increase).
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Figure D.2: Average thrust per current results for baseline VAT with Cu cathode operating at 50
A peak arc current at various pulse lengths. A linear fit through 50 A data shows an increase in
average thrust production with increasing pulse length from 197 µN/A at 500 µs to 246 µN/A at
2000 µs (24.9% increase).
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Figure D.3: Average thrust per current results for baseline VAT with Bi cathode operating at 50
A and 100 A peak arc current at various pulse lengths. A linear fit through 50 A data shows an
increase in average thrust production with increasing pulse length from 364 µN/A at 500 µs to
404 µN/A at 2000 µs (11.0% increase).
